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Background: Glucocorticoid receptor (GR) activation can inhibit apoptosis through mechanisms not fully clarified.
Results: GR activation induced PKC� expression and protected MCF10A-myc cells from p53-dependent apoptosis. PKC�

silencing reversed the protective effect of GR.
Conclusion: Activated GR can inhibit p53-dependent apoptosis through induction of PKC�.
Significance: The results demonstrate PKC� plays an important role in the signaling pathway activated during GR-induced
inhibition of apoptosis.

Glucocorticoid receptor (GR) is a ligand-dependent tran-
scription factor that can promote apoptosis or survival in a cell-
specificmanner. ActivatedGR has been reported to inhibit apo-
ptosis in mammary epithelial cells and breast cancer cells by
increasing pro-survival gene expression. In this study, activated
GR inhibited p53-dependent apoptosis in MCF10A cells and
human mammary epithelial cells that overexpress the MYC
oncogene. Specifically, GR agonists hydrocortisone or dexa-
methasone inhibited p53-dependent apoptosis induced by cis-
platin, ionizing radiation, or theMDM2 antagonist Nutlin-3. In
contrast, the GR antagonist RU486 sensitized the cells to apo-
ptosis by these agents. Apoptosis inhibition was associated with
maintenanceofmitochondrialmembranepotential, diminished
caspase-3 and -7 activation, and increased expression at both
the mRNA and protein level of the anti-apoptotic PKC family
member PKC�. Knockdown of PKC� via siRNA targeting
reversed the protective effect of dexamethasone and restored
apoptosis sensitivity. These data provide evidence that activated
GR can inhibit p53-dependent apoptosis through induction of
the anti-apoptotic factor PKC�.

The tumor suppressor protein p53 is a key regulator of mul-
tiple cellular processes, and evidence suggests that apoptosis is
critical for its tumor suppressor function (1). The main func-
tion of p53 is tomaintain genetic stability in response to various
oncogenic challenges, such as DNA damage or inappropriate
oncogene signaling. p53 carries out this function by inducing
cell cycle arrest, apoptosis, or senescence. As such, p53 is often
referred to as the “guardian of the genome.” p53 is negatively
regulated by MDM2 through different mechanisms in coordi-
nation with MDMX (MDM4). Upon overexpression, MDM2
binds the transcription domain of p53 and blocks its ability to
activate gene transcription (2–4). MDM2 also functions as an

E3 ubiquitin ligase, mediating the ubiquitination and protea-
some degradation of p53 (4–6). The type of response that fol-
lows p53 activation depends on a number of factors. Impor-
tantly, oncogenic transformation can cause a switch in the cell’s
response to p53 activation from growth arrest to programmed
cell death (7). As a result, transformed tumor cells may bemore
prone to undergo apoptosis following p53 activation than cor-
responding normal cells. Inactivation of p53 not only promotes
tumorigenesis and cancer progression but also confers cancer
cells with an ability to evade death induced by therapeutic
agents (8).
Breast cancer is the leading cause of cancer-related death

among women worldwide. In 2011, according to the American
Cancer Society, more than 230,000 new cases of breast cancer
and �40,000 breast cancer-related deaths in women have been
registered in the United States alone (American Cancer Society
Breast Cancer Facts and Figures). A major factor contributing
to the development of breast cancer is inactivation of p53 (9).
Thus, inactivating pointmutations in theP53 gene are observed
in 20–30% of breast cancers (10, 11). Furthermore, wild-type
p53 is often inactivated through alternativemechanisms in can-
cers where the P53 gene is not mutated. Mechanisms for wild-
type p53 inactivation in breast cancer include overexpression of
MDM2, silencing of p14Arf (which causes hyper-activation of
MDM2), and cytoplasmic sequestration (12, 13). Many cyto-
toxic drugs (e.g. cisplatin) and irradiation can damageDNA and
can activate wild-type p53 (14, 15). In several reports, p53 wild-
type cancer cells respond better to DNA-damaging therapeu-
tics than p53-mutated or p53-null cancer cells due to activation
of wild-type p53 growth-inhibitory pathways (16, 17).
Conzen and co-workers (18–21) have reported that activa-

tion of the glucocorticoid receptor (GR)2 inhibits apoptosis and
promotes survival of breast cancer and breast epithelial cells by
increasing expression of pro-survival genes. Recent studies
indicate that GR activation is associated with poor prognosis in
estrogen receptor-negative breast cancer (22). Glucocorticoid
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synthesis is enhanced following stressful conditions leading and
acting mostly through GR to regulate inflammatory and
immune responses, as well as cellular proliferation and apopto-
sis.Most glucocorticoid-mediated effects result from the ability
of activated GR to act as a transcription factor, either through a
DNA binding-dependent mechanism or through cross-talk
and/or interference with other transcription factors such as
activator protein-1 (AP-1) (23), signal transducers and activa-
tors of transcription-5 (Stat-5) (24), and nuclear factor-�B (NF-
�B) (25). The accumulated evidence shows that GR activation
has a dual and cell type-specific role in cell death regulation. GR
is able to induce apoptosis in lymphocytes, leukemia, lym-
phoma, and multiple myeloma cells (26, 27). However, in other
cell types such as hepatocytes, vascular endothelial cells, oste-
oclasts, and particularly in mammary epithelial cells, GR can
inhibit apoptosis induced by a variety of signaling events (18).
Several groups have observed that glucocorticoids can inhibit
chemotherapy-induced apoptosis in vitro (18, 19) and in vivo
(28).
We wished to gain insight into themechanisms by which GR

activation inhibits apoptosis and promotes survival in breast
epithelial cells. To this end, we addressed the involvement of
protein kinaseC� (PKC�) as a potentialmediator, because over-
expression of PKC� is found in various cancers, including breast
cancer, and is considered an important marker of negative dis-
ease outcome (29). PKC is a family of serine/threonine kinases
involved in several processes, including proliferation, differen-
tiation, survival, apoptosis, and migration (30–32). Based on
the structure of the regulatory domain, PKC isoforms are
divided into three subgroups as follows: classical (PKC�, -�I,
-�II, and -�), novel (PKC�, -�, -�, and -�), and atypical (PKC	
and -
/�). Classical and novel PKCs contain a diacylglycerol
(DAG)-binding C1 domain and are therefore regulated by acti-
vation of pathways that lead to DAG generation. Atypical PKCs
are DAG-insensitive and regulated in a different manner (31).
Previous studies have implicated the DAG-sensitive classical
and novel PKC isoforms in promoting malignant features of
breast cancer cells. In addition, earlier studies reported that the
synthetic GR agonist dexamethasone (Dex) could increase
PKC� expression (33, 34). However, the potential involvement
of PKC� in GR-regulated inhibition of apoptosis has not been
explored.
Here, we demonstrate that the GR agonists Dex and hydro-

cortisone can protect MCF10Amyc and HMEC�myc mam-
mary epithelial cells from p53-induced apoptosis. Activation of
GR by hydrocortisone/Dex and attenuation of p53-induced
apoptosis is associated with increased expression of PKC�
mRNA and protein, maintenance of mitochondrial membrane
potential, and diminished caspase-3/7 activation. In contrast,
the GR antagonist RU486 suppressed the anti-apoptotic effect
of GR and enhanced apoptosis in MCF10Amyc cells. Finally,
siRNA-mediated knockdown of PKC� reversed the protective
effect ofDex, rendering the cells susceptible to apoptosis. These
data suggest that PKC� plays an important role in the signaling
pathway activated by Dex during GR-induced inhibition of
apoptosis.

MATERIALS AND METHODS

Cell Lines and Culture Conditions—The c-Myc-transformed
human breast epithelial cell line MCF10Amyc was a gift from
Dr. Suzanne Conzen, Department of Medicine, University of
Chicago. Ras-transformed human breast epithelial cell line
MCF10ANeoTwas a gift fromDr. Jitesh Pratap, Department of
Anatomy and Cell Biology, Rush University Medical Center,
Chicago. Normal HMECs and HMECs made to overexpress
c-Mycwere gifts fromDr. Steven Elledge (35). Nontransformed
MCF10A cells were purchased from American Type Culture
Collection. All these cells were grown in DMEM/F-12 supple-
mented with 5 �g/ml insulin, 10 ng/ml EGF, 0.5 �g/ml hydro-
cortisone, 10% fetal bovine serum (FBS), and 1% penicillin/
streptomycin. These cells were plated 24 h before being treated
with Nutlin-3 (5 �M, Sigma), irradiation (4, 7, or 10 Gy), cispla-
tin (1, 5, or 15 �M; Bedford Laboratory), or as indicated. Dexa-
methasone and mifepristone (alternative name, RU486) were
purchased from Sigma. Tetramethylrhodamine ethyl ester per-
chlorate was purchased from Invitrogen.
Flow Cytometry—For cell cycle and apoptosis analysis, cells

were harvested and fixed in 25% ethanol overnight. The cells
were then stained with propidium iodide (10 �g/ml, Calbi-
ochem). Flow cytometry analysis was performed on FACS
Canto (BD Biosciences) and analyzed with CellQuest (BD Bio-
sciences) and FlowJo (Treestar Inc.). For each sample, 10,000
events were collected. For annexin-V staining, cells were
stained with annexin V-PE and 7-aminoactinomycin D
(Pharmingen) according to manufacturer’s instructions. For
mitochondrial potential (��m) analysis, cells were harvested
and stained with tetramethylrhodamine ethyl ester (0.1 �M).
Apoptosis Assay/Caspase-Glo� 3/7 Assay—Apoptosis was

analyzed in triplicate assays with the Caspase-Glo-3/7 Assay
(Promega Biotech, Madison, WI). Briefly, 10,000 cells per well
were seeded in 96-well plates, and the cells were incubated for
24 h with 2.5, 5.0, or 10 �MNutlin in 100 �l of medium. Subse-
quently, 100 �l of the caspase-3/7 reconstituted reagent was
added to the cells and incubated for 30 min in the incubator.
After incubation, luminescence of each sample was measured
in a plate-reading luminometer (Wallac Victor 2/PerkinElmer
Life Sciences) at 485/527 nm. Results were presented as the
mean (signal-to-noise ratios) � S.E. of the triplicate assays.
Cell Fractionation—For preparation of soluble and particu-

late fractions, the cellswere homogenized in bufferA consisting
of 10 mM Tris-HCl, pH 7.5, 1.5 mM MgCl2, 10 mM KCl, mini
protease inhibitormixture tablets fromRoche Diagnostics, and
10.6 mM 2-mercaptoethanol. Cells were allowed to swell in
buffer A for at least 15 min. Triton X-100 was then added to a
final concentration of 0.2%, and cells were incubated on ice for
15 min with light vortexing every 5 min, followed by centrifu-
gation (7,000 rpm for 5 min). The supernatant (Triton X-100-
soluble (0.2%) fraction) was removed, and the pellet was resus-
pended in buffer A with 400 mM NaCl and 0.4% Triton X-100
for 30 min on ice with light vortexing every 10 min. The insol-
uble material was removed by centrifugation at 14,000 rpm for
15 min, and the supernatant was collected (Triton X-100-solu-
ble (0.4%) fraction). The remaining pellet (Triton X-100-insol-
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uble) was resuspended in RIPA (radioimmunoprecipitation)
lysis buffer.
Immunoblotting—Whole cell extracts were prepared by

resuspending cell pellets in lysis buffer, resolved by SDS-PAGE,
and transferred to polyvinylidene difluoride membranes
(PerkinElmer Life Sciences). Antibodies to PKC�, GR, p53,
MDM2, p21, and poly(ADP-ribose) polymerase were pur-
chased from Santa Cruz Biotechnology; antibodies toNoxa and
Bax were purchased from Calbiochem and Upstate, respec-
tively. Primary antibodies were detected with goat anti-mouse
or goat anti-rabbit antibodies conjugated to horseradish perox-
idase (Jackson ImmunoResearch) using enhanced chemilumi-
nescence (PerkinElmer Life Sciences).
Reverse Transcription and Quantitative Real Time PCR—To

investigate the levels of PUMA, Bax, p21, Noxa, and PKC�
mRNA, quantitative real time PCR was performed. After treat-
ment with 10 �M Nutlin for 24 h, the complementary DNA
(cDNA) was prepared by reverse transcription of 1 �g of RNA
in a final volume of 20 �l using SuperScript III First-strand
Synthesis SuperMix system (Invitrogen) following the manu-
facturer’s instructions. The quantitative real time PCR was run
in a 7300 Real Time PCR System (Applied Biosystems, Foster,
CA) using SYBR Green PCR master mix (Applied Biosystems,
Foster City, CA) following the manufacturer’s instructions.
Thermocycling was done in a final volume of 20�l containing 2
�l of cDNA and 400 nmol/liter of primers as follows: PKC�
forward, 5�-CAT GTT GGC AGA ACT CAA GGG CAA-3�,
and reverse, 5�-TGCAGTCCACGTCATCATCCTGAA-3�;
p21 forward, 5�-GGACCTGGAGACTCTCA-3�, and reverse
5�-CCT CTT GGA GAA GAT CAG-3�; PUMA forward,
5�-GACCTCAACGCACAGTA-3�, and reverse 5�-CTAATT
GGG CTC CAT CT-3�; Bax forward. 5�-TCA GCA CAG ATT
AGT TTC TG-3�, and reverse, 5�-GGG ATT ACA GGC ATG
AGC TA-3�; Noxa forward, 5�-TGGAAGTCGAGTGTGC-
TACTCAACT-3�, and reverse, 5�-AGATTCAGAAGTTTCT-
GCCGGAA-3�; GAPDH forward, 5�-GTC GGA GTC AAC
GGATTTGGT-3�, and reverse 5�-TTAAAAGCAGCCCTG
GTGACC-3�. All samples were amplified in triplicate using the
following cycle scheme: after initial denaturation of the samples
at 95 °C for 2 min, 40 cycles of 95 °C for 30 s, 55 °C for 30 s, and
72 °C for 45 s were done, fluorescence was measured in every
cycle, andmRNA levels were normalized by theGAPDH values
in all samples. Amelting curve was run after PCR by increasing
the temperature from 50 to 96 °C (0.5 °C increments). A single
peak was obtained for targets, supporting the specificity of the
reaction.
siRNA-mediated Transient Knockdown—PKC� and p53

RNAi and control RNAi (On-target plus siControl nontarget-
ing pool) were purchased from Dharmacon and transfected
according to themanufacturer’s guidelines usingDharmaFECT
I reagent. Treatments were applied 24 h after transfection.

RESULTS

GR Activation Suppresses Nutlin-induced Apoptosis in
MCF10Amyc Cells—When cultured in defined (serum-free)
medium,mammary epithelial cells require glucocorticoids, epi-
dermal growth factor (EGF), and insulin for survival and growth
(36). EGF and insulin can promote survival, in part, through

activation of the AKT pathway (37, 38). Glucocorticoids (e.g.
hydrocortisone) promote survival through activation of GR. At
least twomechanisms have been described through which acti-
vated GR can promote survival as follows: 1) through direct
interaction with and inhibition of p53 (39, 40), and 2) through
its ability to function as a transcription factor and increase
expression of anti-apoptotic genes such as SGK-1, MPK1, and
BCL-XL (19, 21, 41).MCF10Amyc cells are immortalizedmam-
mary epithelial cells that overexpress theMYConcogene. In the
first experiments, MCF10Amyc cells were cultured in serum-
free medium in the presence (�ALL) or absence (�ALL) of
hydrocortisone, EGF, and insulin. The cells were then
untreated or treatedwith the smallmoleculeMDM2antagonist
and p53 activator Nutlin (42) and visually examined 24 h later.
Cells in growth factor-enriched medium were largely unaf-
fected by Nutlin treatment (Fig. 1A). In contrast, cells cultured
in the absence of growth factors (�ALL) were rounded up and
apparently killed by Nutlin treatment. We used annexin-V
staining and sub-G1 DNA content to quantify the percent cells
undergoing apoptosis. Nutlin caused cell cycle arrest with rel-
atively low apoptosis in growth factor-enriched medium
(�ALL), but it caused abundant apoptosis (70–80% of cells) in
the absence of growth factors (�ALL) (Fig. 1,B andC; see DNA
histograms in supplemental Fig. 1). Each growth factor was
then removed individually from the medium, and similar
experiments were conducted. As shown in Fig. 1, B and C,
removal of hydrocortisone alone rendered MCF10Amyc cells
highly susceptible to apoptosis by Nutlin, whereas removal of
either EGF or insulin had a relatively small effect.
We reasoned that if hydrocortisone inhibits apoptosis by

activating GR, then other GR agonists would inhibit Nutlin-

FIGURE 1. Nutlin induces apoptosis in MCF10Amyc cell line in the absence
of hydrocortisone. A, MCF10Amyc cells were starved of FBS (�FBS, �H, E, I)
or FBS along with hydrocortisone (H), EGF (E), insulin (I) (�FBS, �H, E, I) or
grown in normal media (�FBS, �H, E, I) for 30 min and treated with or without
Nutlin (5 �M) for 24 h in the same condition. The representative images were
taken under the magnification �200. B and C, MCF10Amyc cells were starved
of either FBS along hydrocortisone, EGF, insulin (�ALL), or EGF alone (�E) or
insulin alone (�I), or hydrocortisone alone (�H) for 30 min, and these cells
were further treated with or without Nutlin (5 �M) in the same condition for
24 h. Cells were harvested after 24 h and stained with propidium iodide to
measure DNA content (B) (the percentage of sub-G1 cells), or stained for the
percentage annexin V-positive cells (C). Samples in B and C were plated in
three independent experiments.
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induced apoptosis, whereas GR antagonists would sensitize
cells to Nutlin. To test this, MCF10Amyc cells were cultured in
serum-free medium in the absence of growth factors (�ALL)
and treatedwithNutlin. In some cases, the cells were pretreated
30min with the synthetic GR agonist Dex prior to Nutlin treat-
ment. Apoptosis was determined 48 h later by sub-G1 DNA
content, decreased mitochondrial membrane potential, and
caspase-3 and -7 activation. As shown in Fig. 2, Nutlin-induced
abundant apoptosis in these experiments using all three apo-
ptosis criteria. Importantly, Dex pretreatment provided potent
protection against Nutlin-induced apoptosis. Next, we asked
whether the GR antagonist RU486 could overcome the protec-
tive effects of Dex. Although Dex protected cells from Nutlin-
induced apoptosis, cells pretreated with a combination of Dex
and RU486 underwent apoptosis when exposed to Nutlin (Fig.
2, A and B). This demonstrated that RU486 could abrogate the
protective effects of Dex. Finally, we asked whether RU486
could sensitize cells to Nutlin under growth factor-enriched
conditions (�ALL). As shown in Fig. 2, A and B, when cells in
growth factor-enriched medium (�ALL) were treated with
Nutlin alone they underwent relatively little apoptosis, but
these same cells underwent abundant apoptosis when treated
with a combination of Nutlin and RU486. In sum, GR agonists
(hydrocortisone and Dex) inhibited Nutlin-induced apoptosis,
whereas GR antagonists (RU486) sensitized cells to Nutlin. We
conclude activated GR inhibits Nutlin-induced apoptosis in
MCF10Amyc cells.

Dexamethasone Inhibits Nutlin-induced Apoptosis without
Altering p53 Levels or Transcriptional Activity—There aremul-
tiple ways GR activation could inhibit Nutlin-induced apopto-
sis. First, Wasylyk and co-workers (39, 40) reported that GR
binds p53 in a ligand (Dex)-dependent manner in neuroblas-
toma and umbilical vein endothelial cells and inhibits p53 by
causing its MDM2-dependent degradation. Thus, GR could
inhibit Nutlin-induced apoptosis by promoting p53 degrada-
tion. Second, GR may bind p53 on DNA and inhibit p53 from
activating/repressing expression of pro- or anti-apoptotic
genes. This model has recently been described for estrogen
receptor inhibition of p53 (43, 44). Third, GR is a ligand-depen-
dent transcription factor that can directly activate expression of
pro-survival genes, such as SGK-1 and BCL-XL (21, 41). Thus,
GR could inhibit Nutlin-induced apoptosis by activating one or
more pro-survival genes that can overcome and prevent the
apoptotic signals arising fromNutlin-induced p53. To examine
these possibilities, MCF10Amyc cells were treated with Nutlin
in the presence or absence of glucocorticoid (Dex). Levels of
p53 and downstream p53 targets were determined at various
time points after treatment (Fig. 3). If GR inhibits Nutlin-in-
duced apoptosis by targeting p53 for degradation, then p53
would be increased to a lesser extent by Nutlin in the presence
of Dex than in the absence of Dex. However, as shown in Fig.
3A, p53 increased to comparable levels andwith similar kinetics
in the absence or presence of Dex, suggesting that GR is not
inhibiting Nutlin-induced apoptosis by targeting p53 for deg-

FIGURE 2. GR activation protects against Nutlin-induced apoptosis and mitochondrial depolarization in MCF10Amyc cells. MCF10Amyc cells were
starved of FBS/hydrocortisone/EGF/insulin (�ALL) or grown in hydrocortisone, EGF, and insulin without serum (�ALL), and these cells were treated with either
vehicle, Dex (1 �M), Dex (1 �M)/RU486 (0.1 �M), or Dex (1 �M)/RU486 (1.0 �M) for 30 min. After 30 min of treatment, MCF10Amyc cells were further treated with
or without Nutlin (Nut) (5 �M) in the same condition. A, percentage of sub-G1 cells (propidium iodide staining) was analyzed 72 h post-treatment. B, percentage
of cells with low ��m (tetramethylrhodamine ethyl ester staining) was analyzed 72 h post treatment. C, caspase-Glo-3/7 assay was performed with (�Dex) or
without (�Dex) Dex for 30 min, and these cells were further treated with or without indicated Nutlin doses (2.5, 5.0, or 10.0 �M) for 24 h. The analysis was done
in triplicate assays, and data are presented as mean � S.E. (n 	 3).
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radation. p53 downstream targets MDM2, p21, PUMA, and
Bax were also induced by Nutlin in the presence or absence of
Dex to comparable levels andwith similar kinetics (Fig. 3,A and
B). This demonstrates p53 transcriptional activity is not inhib-
ited byDex, at least for these p53 targets. Notably, expression of
the p53 target gene NOXA was only minimally increased by
Nutlin treatment, suggesting it may not play a role in Nutlin-
induced apoptosis, although Noxa mRNA was decreased by
Dex treatment. AlthoughDexdid not inhibit p53 levels or activ-
ity in Nutlin-treated cells, it did diminish poly(ADP-ribose)
polymerase cleavage at the 12- and 24-h time points and the
level of activated (cleaved) caspase-3 (Fig. 3A). In total, the
results suggest activated GR inhibits Nutlin-induced apoptosis
by maintaining mitochondrial membrane potential (Fig. 2B)
and diminishing caspase-3 activation (Fig. 3A), but not by
inhibiting p53 transcriptional activity or targeting p53 for
degradation.
GR Activation Increases PKC� mRNA and Protein Levels—

Next, we sought out genes that are potentially activated by GR
and that could inhibit apoptosis. In preliminary studies, mRNA
levels for SGK-1 and BCL-XL were not increased in
MCF10Amyc cells treated with Dex for 24 h (not shown), and
we therefore sought out other potential GR targets. Earlier
studies reported that Dex treatment was associated with
increased PKC� expression in the rat brain and in coronary

arteries (33, 34), suggesting PKC� could be a direct or indirect
transcription target of GR. We analyzed PKC� expression in
Dex- andNutlin-treatedMCF10Amyc cells. A strong induction
of PKC�protein expressionwas detected after 2 h and increased
up to 24 h following Dex treatment in MCF10Amyc (Fig. 4A).
Nutlin appeared to decrease PKC� expression slightly at early
time points (2 and 4 h), but this changewas not detected at later
time points.We further investigated the dose-dependent effect
of Dex treatment after 24 h at both the protein (Fig. 4B) and
mRNA (Fig. 4C) levels. GR is targeted for proteasomal degra-
dation upon ligand binding/activation as part of an autoregula-
tory feedback loop that limits GR activity (45, 46). Consistent
with this, GR levels were decreased in Dex-treated cells (Fig.
4B).We found a significant induction of PKC� mRNA and pro-
tein at Dex doses as low as 0.5 �M, and the expression of PKC�
was largely unchanged at higher doses (1.0 and 2.0�M) (Fig. 4,B
and C). To validate that increased expression of PKC� resulted
from GR activation, we analyzed PKC� expression in the pres-
ence of different growth factors or the absence/presence of the
GR antagonist RU486. As shown in Fig. 4D, PKC� protein levels
were higher in cells grown in medium with GR activators (Dex
or hydrocortisone) as compared with cells grown in medium
without GR activators. Moreover, when cells were treated with

FIGURE 3. Dexamethasone protects against cell death but without alter-
ing p53 induction or transcriptional activity. MCF10Amyc cells starved of
FBS/hydrocortisone/EGF/insulin (�ALL) were exposed to Dex (1 �M) for 30
min. The cells were then treated with Nutlin (Nut) (5 �M) or untreated for 2, 4,
8, 12, and 24 h in the continued presence of Dex. A, cell lysates were collected
and analyzed by immunoblot analysis with indicated antibodies. B, total RNA
was extracted from each treated group after 24 h and quantitative real time
PCR (qRT-PCR) was performed using p21, PUMA, Bax, and Noxa-specific
primer pairs.

FIGURE 4. GR activation increases PKC� mRNA and protein levels.
MCF10Amyc cells were treated as described in the legend to Fig. 3A. A, cell
lysates were collected and analyzed by immunoblot analysis with PKC� anti-
body. Tubulin was probed as a loading control. B, MCF10Amyc cells were
incubated with Dex (0 –2.0 �M) for 24 h. At the end of the incubation, expres-
sion of p53, PKC�, and GR was measured by immunoblot analysis. C, qRT-PCR
analysis of PKC� gene expression was performed after 24 h of incubation with
Dex (0 –2.0 �M). D, MCF10Amyc cells were serum-starved and grown in either
normal media (NM) with serum, hydrocortisone (H)/EGF (E)/insulin (I) (�ALL),
without hydrocortisone/EGF/insulin (�ALL), Dex (0.5 or 1.0 �M) only, EGF/
insulin (ALL(�H)), hydrocortisone/EGF (ALL(�I)), hydrocortisone/insulin
(ALL(�E)), EGF only (E only), insulin only (I only), and hydrocortisone only (H
only) for 24 h. Cell lysates were collected and analyzed by immunoblot anal-
ysis with PKC� and GR antibodies. Tubulin was probed as a loading control. E,
MCF10Amyc were serum-starved and treated with �ALL, �ALL�RU486 (0.1
�M), �ALL�RU486 (1.0 �M), �ALL, �ALL�Dex, �ALL�RU486 (0.1 �M), and
�ALL�RU486 (1.0 �M). After 24 h, cell lysates were collected, and PKC� and
GR expression levels were examined by immunoblot analysis. Nut, Nutlin.
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either RU486 in �ALL medium or RU486 with Dex in �ALL
medium, we found the GR antagonist down-regulated PKC�
expression (Fig. 4E). These results support GR activation
increasing expression of PKC�.
Knockdown of PKC� by siRNA Abrogates Dexamethasone

Protection fromNutlin-induced Apoptosis—Next, we wished to
determine whether PKC� was required for the inhibition of
apoptosis inDex-treated cells. To this end, we employed siRNA
to knock down PKC� in MCF10Amyc cells before treatment
with Dex or Dex plus Nutlin. Immunoblotting showed PKC�
effectively knocked down in cells transfected with PKC� siRNA
(Fig. 5C). Visual examination and sub-G1 analysis showed that
Dex could inhibit Nutlin-induced apoptosis in untransfected
and cells transfectedwith control siRNA (siCon) but not in cells
transfectedwith PKC� siRNA (Fig. 5,A andB; DNAhistograms
in supplemental Fig. 2). These results demonstrate PKC� is
required for apoptosis inhibition by Dex. Immunoblotting
again showedp53 and its downstream targets (p21,MDM2, and
Bax) were induced comparably by Nutlin in either the presence
or absence of Dex and were also induced comparably in cells
transfected with control siRNA (siCon) or siRNA against PKC�
(Fig. 5C). Consistent with results from Fig. 3B, Noxa expression
increased very slightly in Nutlin-treated cells at the 48-h time
point, but it was largely inhibited by Dex. In total, the results
suggest activatedGR inhibits Nutlin-induced apoptosis, at least
in part, by increasing expression of PKC� and that this occurs
without altering p53 levels or activity.
Phorbol Ester Inhibits Nutlin-induced Apoptosis in a PKC�-

dependent Manner—Next, we asked whether activation of
PKC� using a stimuli alternative to GR agonists could also
inhibit Nutlin-induced apoptosis. Phorbol ester (PE) activates
PKC�, and this is associated with a movement of PKC� from a
soluble to an insoluble cell fraction (47, 48). MCF10Amyc cells
were pretreated with PE and then tested for Nutlin-induced

apoptosis. As expected, PE induced translocation of PKC� from
Triton-soluble fractions to amore insoluble pellet fraction (Fig.
6C). In contrast, PKC� localization was unaffected by PE treat-
ment. Importantly, PE-treated cells were largely protected from
Nutlin-induced apoptosis (Fig. 6A; DNA histograms in supple-
mental Fig. 3). We used siRNA knockdown to ask whether
apoptosis protection in PE-treated cells required PKC�. Immu-
noblotting showed PKC� expression was lost in the siPKC�-
transfected cells (Fig. 6B). As shown in Fig. 6A, PE pretreatment
protected si-control transfected cells fromNutlin-induced apo-
ptosis but failed to protect PKC� knockdown cells (DNA histo-
grams in supplemental Fig. 3). These results suggest PE can
inhibit Nutlin-induced apoptosis in a manner dependent on
PKC�.
GR-activated PKC� and Nutlin-induced Apoptosis Is

MCF10Amyc-specific—To confirm and extend our findings, we
used two additional cell lines, nontransformed MCF10A cells
and MCF10ANeoT (MCF10A cells transformed by the H-RAS
oncogene). As shown in Fig. 7A, immunoblot analysis showed
the expression of c-Myc, PKC�, GR, p53, andMDM2 after 24 h
of Dex treatment in all three cell lines. Interestingly, PKC� pro-
tein expression was increased after Dex treatment only in
MCF10Amyc but not inMCF10A andMCF10ANeoT cell lines.
Similarly, PKC�mRNAwas alsomore highly induced following
Dex treatment in MCF10Amyc cells than in MCF10A or
MCF10ANeoT (Fig. 7B). Next, we monitored apoptosis induc-
tion by Nutlin in all three cell lines and the potential for Dex to
inhibit this apoptosis. p53was induced comparably byNutlin in
all three cell lines, and p53 downstream targets p21 andMDM2
were induced comparably in MCF10Amyc and MCF10ANeoT
(supplemental Fig. 4A). p21 and MDM2 were less induced by
Nutlin in MCF10A cells (supplemental Fig. 4D). As shown in
Fig. 7C, Nutlin induced abundant apoptosis in MCF10Amyc
cells at 24–72-h time points, and this apoptosis was inhibited

FIGURE 5. Inhibition of PKC� abrogates dexamethasone protection from Nutlin-induced apoptosis in MCF10Amyc cells. MCF10Amyc cells were trans-
fected with nontargeting siRNA (siCon) or PKC� specific siRNA (siPKC�). After 24 h, Dex (1 �M) was added for 30 min before adding Nutlin (5 �M) in �ALL
condition. A, after 48 h post-Nutlin (Nut) treatment, the representative images were taken under the magnification �100. B, cells were harvested at 48 h
post-Nutlin treatment and stained with propidium iodide to measure DNA content. C, cell lysates were collected 24 and 48 h post-Nutlin treatment and
analyzed by immunoblot analysis with indicated antibodies.
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by Dex. In contrast, MCF10A and MCF10ANeoT cells were
largely resistant to Nutlin-induced apoptosis and not protected
by Dex (Fig. 7C: DNA histograms in supplemental Fig. 4, B–D).
Similar resultswere obtainedwhen apoptosiswasmonitored by
annexin V staining and caspase3/7 activation (supplemental
Fig. 4, E and F). These results indicate MCF10Amyc cells are
more sensitive to apoptosis by Nutlin than the other MCF10A

variants and are significantly protected by Dex and increased
expression of PKC�.
c-Myc Overexpression Can Render Cells Sensitive to Nutlin-

inducedApoptosis—The results in Fig. 7 suggestmammary epi-
thelial cells expressing high levels of c-Myc may be especially
sensitive toNutlin-induced apoptosis. Consistentwith this pos-
sibility, c-Myc knockdown inMCF10Amyc cells via siRNA ren-
dered the cells largely resistant to Nutlin-induced apoptosis
(Fig. 8, A and B; DNA histograms in supplemental Fig. 5A). To
examine this further, we tested Nutlin sensitivity in HMECs
that do or do not overexpress c-Myc. As shown in Fig. 8C, the
HMEC�myc cells were sensitive to Nutlin-induced apoptosis
compared with control HMECs, which were largely resistant
(DNA histograms in supplemental Fig. 5B). Next, we asked
whether HMEC�myc cells could be protected from apoptosis
by Dex and whether this required PKC�. Pretreatment with
Dex protected HMEC�myc cells from Nutlin-induced apo-
ptosis in two separate experiments (Fig. 9, A and B; DNA
histograms in supplemental Fig. 6), coincident with in-
creased PKC� expression (Fig. 9, C and D). Importantly,
PKC� knockdown via siRNA abrogated to a large extent the
protective effects of Dex in these cells, confirming apoptosis
protection was largely PKC�-dependent.
GR-activated PKC�Also Protects against Cisplatin- and Irra-

diation-induced Apoptosis in MCF10Amyc—Next, we wished
to test whether GR activation could inhibit apoptosis induced
by conventional therapy agents, Cis and IR, and, if yes, whether
this requires PKC�. To this end,MCF10Amyc cellswere treated
with Cis (0, 5, and 15 �M) or IR (0, 4, and 10 Gy) for 72 h, and
percent apoptosis was determined by sub-G1 DNA content.
Results in Fig 10, A and B, show that both Cis and IR could
induce abundant apoptosis. Importantly, Dex treatment dimin-
ished Cis- and IR-induced apoptosis in both untransfected cells
and cells transfected with control siRNA (siCon) but did not

FIGURE 6. Activation of PKC� by phorbol ester inhibits Nutlin-induced apoptosis in MCF10Amyc. A, MCF10Amyc cells were transfected with nontargeting
siRNA (siCon) or PKC� specific siRNA (siPKC�). After 24 h, phorbol ester (PE) (100 nM) was added for 6 h before Nutlin (Nut) (5 �M) in �ALL condition. Cells were
harvested at 48 h post-Nutlin treatment and stained with propidium iodide to measure DNA content. B, cell lysates were collected 24 h post-Nutlin treatment
and analyzed by immunoblot analysis with indicated antibodies. C, MCF10Amyc cells were treated with either �ALL or �ALL�PE (100 nM) for 6 h and whole,
Triton X-100 (0.2%)-soluble, Triton X-100 (0.4%)-soluble cell lysate and final pellet in RIPA buffer were collected to analyze PKC� and PKC� expression levels by
immunoblot analysis.

FIGURE 7. GR-activated PKC� and Nutlin-induced apoptosis are
MCF10Amyc-specific. MCF10A, MCF10Amyc, and the ras-transformed
human breast epithelial cell line MCF10ANeoT were serum-starved and then
treated with Dex (1 �M) or untreated for 24 h. A, cell lysates were collected and
analyzed by immunoblot analysis with indicated antibodies. B, total RNA was
collected and qRT-PCR was performed using PKC�-specific primer pair.
MCF10A (C), MCF10Amyc (D), and MCF10A NeoT (E) were starved of FBS/
hydrocortisone/EGF/insulin (�ALL) and treated with Dex (1 �M) for 30 min.
The cells were then treated with or without Nutlin (Nut) (5 �M) in the same
condition for 24, 48, and 72 h. Cells were harvested and stained with pro-
pidium iodide to measure DNA content. The analysis was done in triplicate
assays, and data are presented as mean � S.E. (n 	 3).
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inhibit apoptosis in cells transfected with PKC� siRNA (Fig 10,
A and B; DNA histograms in supplemental Fig. 7, A and B).
Immunoblotting showed PKC� was effectively knocked down
in siRNA-transfected cells (Fig 10, C and D). p53 was induced
comparably by Cis or IR, regardless of whether PKC� was
knocked down (Fig 10,C andD), consistentwith the notion that
PKC� inhibits Cis- and IR-induced apoptosis without altering
p53 levels.

Apoptosis in Response to Nutlin/Cisplatin/Irradiation Is at
Least in Part p53-dependent—Finally, we addressed the extent
to which the apoptosis induced by Nutlin, Cis, and IR in our
experiments is p53-dependent. MCF10Amyc cells were trans-
fected with control siRNA (siCon) or siRNA against p53 and
then treated with Nutlin, Cis, or irradiation. Apoptosis was
monitored by sub-G1 DNA content and p53 protein expression
monitored by immunoblotting. In Nutlin-treated cells, an

FIGURE 8. c-Myc overexpression can render cells sensitive to Nutlin-induced apoptosis. A, MCF10Amyc cells were transfected with nontargeting siRNA
(siCon) or c-Myc-specific siRNA (sic-Myc). After 24 h, Nutlin (Nut) (5 �M) was added in �ALL condition. Cells were harvested at 48 h post-Nutlin treatment and
stained with propidium iodide to measure DNA content. B, cell lysates were collected 24 h post-Nutlin treatment and analyzed by immunoblot analysis with
indicated antibodies. C, HMEC and HMECmyc cells were treated with Nutlin (5 �M) for 72 h. Cells were harvested and stained with propidium iodide to measure
DNA content. D, cell lysates were collected 24 h post-Nutlin treatment and analyzed by immunoblot analysis with indicated antibodies.

FIGURE 9. Inhibition of PKC� abrogates dexamethasone protection from Nutlin-induced apoptosis in HMECmyc cells. A and B, HMECmyc cells were
transfected with nontargeting siRNA (siCon) or PKC�-specific siRNA (siPKC�). After 24 h, Dex (1 �M) was added for 30 min before Nutlin (Nut) (5 �M) treatment
in �ALL condition. Cells were harvested at 72 h post-Nutlin treatment and stained with propidium iodide to measure DNA content. C and D, cell lysates were
collected 24 h post-Nutlin treatment and analyzed by immunoblot analysis with indicated antibodies. The analysis was done in duplicate assays, and both are
presented separately.
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approximate 75% decrease in p53 expression was achieved in
sip53 transfectants (Fig. 11B). This coincided with an �45%
decrease in apoptosis (Fig 11A), indicating the vast majority of
apoptosis in Nutlin-treated cells is p53-dependent. In Cis- and
IR-treated cells, an �75% decrease in p53 expression was

achieved in sip53 transfectants (Fig 11, E and F). This coincided
with an�35–45%decrease in apoptosis (Fig 11,C andD), dem-
onstrating the Cis- and IR-induced apoptosis is dependent in
large part on p53 (representativeDNAhistograms for Fig 11 are
provided in supplemental Fig. 8). Results in Figs. 5, 9, and 10
show that Dex and GR activation inhibits Nutlin/Cis/IR-in-
duced apoptosis by increasing PKC� expression. Insofar as this
apoptosis is p53-dependent, we conclude PKC� induced by
activated GR can inhibit p53-dependent apoptosis in Nutlin-,
Cis-, and IR-treated MCF10Amyc cells.

DISCUSSION

Wild-type p53 andGR have opposing effects on the response
of breast cancer cells to chemotherapeutic drugs. P53 promotes
growth arrest or death in breast cancer cells exposed to chemo-
therapeutic drugs (9), whereas GR promotes survival (18, 20).
PKC� is a novel PKC isoformwith anti-apoptotic activity that is
expressed, through an unknown mechanism, at high levels in
multiple cancer types (49). In breast cancer, increased PKC� is
linked with high histologic grade and poor disease-free survival
(29). In this study, the GR agonists Dex and hydrocortisone
promoted PKC� expression inMCF10A andHMECs that over-
express the MYC oncogene. Importantly, this effect was
reversed by the GR antagonist RU486, confirming increased
PKC� expression resulted from activation of GR. Moreover,
Dex protected the cells from apoptosis that was at least partly
p53-dependent and induced by Cis, IR, or the p53 activator
Nutlin. Knockdown of PKC� abrogated the protective effect of
Dex and sensitized the cells to Cis, IR, and Nutlin. Together,
these data demonstrate that GR activation can inhibit therapy-
and p53-dependent apoptosis and that this occurs through
increased expression of PKC�.

Wasylyk and co-workers (39, 40) have demonstrated nega-
tive cross-talk between GR and p53. In their studies, activation

FIGURE 10. GR activated PKC� also protects against Cisplatin/Irradiation induced apoptosis in MCF10Amyc. MCF10Amyc cells were transfected with
nontargeting siRNA (siCon) or PKC�-specific siRNA (siPKC�). After 24 h, Dex (1 �M) was added for 30 min before treating. A, Cis (Cis; 5, 15 �M); B, irradiation (IR; 4,
10 Gy) in �ALL condition. After 48 h post-treatment, cells were harvested and stained with propidium iodide to measure DNA content. C and D, cell lysates were
collected and analyzed by immunoblot analysis with indicated antibodies. The analysis was done in duplicate assays, and data are presented in C as means �
S.E. (n 	 2).

FIGURE 11. Nutlin/cisplatin/irradiation-induced apoptosis is partially
p53-dependent in MCF10Amyc. MCF10Amyc cells were transfected with
nontargeting siRNA (siCon) or p53-specific siRNA (sip53). 24 h post-siRNA
treatment, these cells were further treated for 48 h with the following: A, Nut-
lin (Nut) (5 mM); C, Cis (1, 5 or 15 �M); D, IR (4, 7, or 10 Gy), or untreated. Cells
were harvested and stained with propidium iodide to measure DNA content.
The analysis was done in duplicate assays, and data are presented as mean �
S.E. (n 	 2). B, C, and D, cell lysates were collected and analyzed by immuno-
blot analysis with indicated antibodies.
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of endogenousGR byDex treatment inhibited p53-induced cell
cycle arrest in stressed cells, whereas activation of endogenous
p53 by DNA damage inhibited GR transcriptional activity.
Mechanistically, they found that GR could form a ligand-de-
pendent (Dex-dependent) complex with p53. MDM2 was
recruited to this GR-p53 complex via p53 and promoted the
ubiquitin-dependent degradation of both p53 and GR, thus
inhibiting both proteins. Their model suggested that activated
GR binds and inhibits p53 by promoting its MDM2-mediated
degradation. This model is unlikely to explain GR protection
against p53-dependent apoptosis in our system for two reasons.
First, p53 was induced comparably by Nutlin, Cis, and IR in the
presence or absence of Dex (Figs. 3 and 7). Thus, degradation
was not limiting the accumulation of p53 when GR was acti-
vated. Second, Dex inhibited the apoptosis induced by Nutlin,
even though Nutlin disrupts binding between p53 andMDM2.
This suggests activated GR can inhibit p53-induced apoptosis
in a manner that does not involveMDM2 interaction with p53.
Rather, our results demonstrate Dex treatment increases levels
of the anti-apoptotic PKC family member PKC�. This increase
is at both the mRNA and protein level. The GR antagonist
RU486 blocks the increase in PKC� expression. Our results are
consistent with those of Dwivedi and Pandey (33) and Maddali
et al. (34), who reported that administration of Dex coincided
with increased PKC� expression in coronary arteries and in the
rat brain. We speculate PKC� is either a direct or indirect tran-
scription target of GR that is required for apoptosis inhibition.
How does PKC� induced by Dex treatment inhibit Nutlin-,

Cis-, and IR-induced apoptosis? siRNA knockdown studies
showed apoptosis in response to all three agents is, in part,
p53-dependent in MCF10Amyc cells (Fig. 11). Interestingly,
p53 transcriptional activity was apparently unaffected by Dex
under conditions in which Dex induced PKC� expression and
inhibited apoptosis. This is based on the fact that multiple p53
target genes (P21,MDM2, PUMA, andBax) were induced com-
parably by Nutlin treatment in the presence or absence of Dex
(Fig. 3). Thus, it is unlikely PKC� blocks apoptosis by inhibiting
p53 transcriptional activity. p53-responsive factors PUMA and
Bax promote the formation of pores in themitochondrialmem-
brane that causes loss of membrane potential and release of
factors that activate caspases and drive apoptosis. We found
that mitochondrial membrane potential was maintained by
Dex treatment in cells exposed to Nutlin, and caspase-3/7 acti-
vation was diminished (Fig. 2, B and C). Based on this, we spec-
ulate PKC� blocks apoptosis by somehow maintaining mito-
chondrialmembrane potential and blocking caspase activation.
In this regard, it is worth pointing out that PKC� has been
reported to localize in cardiac mitochondria, associate with
mitochondrial ATPase and MAPKs, and promote phosphoryl-
ation and inhibition of the pro-apoptotic factor Bad (50, 51).
These activities of PKC� are believed to confer protection from
ischemic/reperfusion injury in the heart (52, 53). However, it is
unknown whether mitochondrial PKC� would maintain mito-
chondrial membrane integrity and block apoptosis in cardiac
cells exposed to chemotherapeutic drugs or Nutlin. Likewise, it
is unknown whether or the extent to which PKC� may localize
in mitochondria in our experiments. Interestingly, pro-apop-
totic Noxa expression was decreased in Dex-treated cells,

although it was not significantly up-regulated by Nutlin/p53 in
our studies (Fig. 3B). It is unclear whether decreased Noxa
expression may contribute to apoptosis protection by Dex.
An interesting finding from our studies is that Nutlin-in-

duced apoptosis in MCF10Amyc cells but not MCF10A paren-
tal cells or MCF10NeoT cells. Furthermore, siRNA-mediated
Myc knockdown diminished Nutlin-induced apoptosis in
MCF10Amyc cells, and HMEC�myc cells were susceptible to
apoptosis by Nutlin although control HMECs were not (Fig. 8).
These data suggest MYC expression can render MCF10A cells
susceptible to p53-dependent apoptosis. Previous studies
reportedMYC is directly recruited to the p21 gene promoter by
the DNA-binding protein Miz-1 and inhibits p21 expression,
favoring the initiation of apoptosis (54). We do not believe
MYC sensitizes MCF10A cells through this mechanism in our
studies, because p21was highly expressed inMCF10Amyc cells
thatwere treatedwithNutlin and targeted for apoptosis (Fig. 3).
It is also interesting that MCF10ANeoT cells are transformed,
but remain resistant to apoptosis (Fig. 7). This suggests sensi-
tivity to Nutlin is a consequence of increased MYC expression
and does not result from cellular transformation alone. Finally,
it is interesting that Dex treatment caused a more pronounced
induction of PKC� expression inMCF10-Amyc cells compared
with either MCF10A or MCF10ANeoT (Fig. 7B). How MYC
may affect PKC� expression and sensitivity to apoptosis
remains to be determined.
Conzen and co-workers (18, 19, 21) previously identified GR

target genes associatedwith survival and apoptosis inhibition in
MCF10Amyc cells and different breast cancer cell lines. Their
studies included gene expression analysis to identify GR targets
induced at early time points after Dex treatment (30 min after
Dex). They reported two GR target genes, SGK1 and MKP1,
conferred survival in MCF10Amyc cells, and inhibited apopto-
sis following either serum deprivation or paclitaxel treatment
(18, 19, 21). Our results identify PKC� as another factor whose
increased expression after Dex treatment confers protection
against apoptosis. PKC� expression increases in response toGR
agonists (Dex and hydrocortisone) and decreases in response to
GR antagonists (RU486), suggesting PKC� is a direct or indirect
target of GR. The results suggest GR agonists can promote
expression of multiple factors (SGK1, MKP1, and PKC�) that
confer apoptosis protection.
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