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The adenoviral early region 1A (E1A) protein mediates sensitization to different stimulus-induced apoptosis,
such as tumor necrosis factor alpha, UV and gamma irradiation, and different categories of anticancer drugs.
However, the molecular mechanisms underlying E1A-mediated sensitization to apoptosis are still not com-
pletely defined. Here, we show that E1A-mediated sensitization to apoptosis by the inactivation of a key survival
factor Akt and the activation of a pro-apoptotic factor p38. Also, inactivation of Akt by either a specific
inhibitor or a genetic knockout of Aktl results in p38 activation, possibly through the release of the activity of
p38 upstream Kinases, including ASK1 and MEKK3. In addition, we showed that p38 phosphorylation is
downregulated and Akt phosphorylation is upregulated in multiple human tumor tissues, and this correlates
with tumor stage in human breast cancer. A deletion mutation of a conserved domain of E1A, which is required
for E1A-induced downregulation of Akt activity, disrupts E1A-mediated upregulation of p38 activity and also
eliminates E1A-mediated chemosensitization. Thus, activation of p38 and inactivation of Akt may have general
implications for tumor suppression and sensitization to apoptosis.

Many types of tumors are associated with activated onco-
genic kinases, and two complementary roles of these oncogenic
kinases are stimulating signaling pathways that enable cells to
function independent of their environment and making tumor
cells resistant to genotoxic therapies, such as chemo- and ra-
diotherapy (22, 24, 48). Deregulated growth signaling pathways
and acquired resistance toward apoptosis therefore constitute
two hallmarks of most, if not all, human tumors (18). For
example, it has been shown that the serine/threonine kinase
Akt and its family members Akt 2 and 3 are either amplified or
their activity is constitutively elevated in human carcinomas
such as breast, pancreatic, ovarian, brain, prostate, and gastric
adenocarcinomas (39, 50). As it is a direct downstream target
of phosphatidylinositol 3-kinase (PI3K), Akt is also a key on-
cogenic survival factor and can phosphorylate and inactivate a
panel of critical proapoptotic molecules, including Bad,
caspase 9, the Forkhead transcription factor FKHRL1 (known
to induce expression of proapoptotic factors such as Fas li-
gand), GSK3-B, cell cycle inhibitors p21 and p27, and tumor
suppressor TSC2, etc. (4, 25, 39, 50, 58). Akt can also inactivate
p53, a key tumor suppressor, through phosphorylation and
nuclear localization of MDM?2 (33, 50, 59). Activation of Akt
has been shown to induce resistance to apoptosis induced by a
range of drugs (41). Thus, molecules that can block Akt activity
may have important significance in cancer therapy and drug
sensitization.

The adenovirus early region 1A protein (E1A) induces che-
mosensitization among different categories of anticancer
drugs, including cisplatin, adriamycin, etopside, staurosporine,
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S-fluorouracil, and paclitaxel (Taxol) (5, 14, 16, 32, 45, 53),
suggesting that a general cellular mechanism may exist to reg-
ulate E1A-mediated chemosensitization. However, the molec-
ular mechanisms underlying E1A-mediated chemosensitiza-
tion are still not completely defined. Earlier studies on normal
fibroblast cells revealed that E1A-mediated sensitization to
cytotoxic anticancer drugs depends on the expression of func-
tional p53 and pl9ARF, an alternative splicing form of
pl6INK4a (12, 31, 32). E1A was also shown to downregulate
Her-2/neu overexpression and facilitate E1A-mediated sensi-
tization to the cytotoxicity of anticancer drugs in human breast
and ovarian cancer cells (53, 55, 56). In another study, E1A was
reported to mediate sensitization to anticancer drugs in human
osteosarcoma cells (16) in a pS3- and Her-2/neu-independent
manner. Similarly, there is no correlation between p53 protein
level and sensitivity of DNA-damaging agents in keratinocytes
carrying adenovirus E1A (45). A few other critical molecules
were also proposed to be involved in E1A-induced chemosen-
sitization, such as the proapoptotic protein Bax, caspase 9, or
a yet unidentified inhibitor that ordinarily provides protection
against cell death (14, 15, 34, 43, 49, 52). However, none of the
above molecules or pathways can really serve as a general
cellular mechanism for E1A-mediated sensitization to apopto-
sis in a diverse cellular context. Recently, transcriptional up-
regulation of procaspases (such as pro-caspase 3, 7, 8, and 9)
through E1A-mediated disruption of pRB function and subse-
quent release of free E2F-1 was reported to contribute to both
p53-dependent and p53-independent drug sensitization by
E1A in diploid normal fibroblast cells (37). In the present
study, we found that E1A can activate p38 and inactivate Akt
and showed that this pathway may provide a general cellular
mechanism for E1A to mediate sensitization to different cate-
gories of anticancer drugs.
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MATERIALS AND METHODS

Cell culture, cell harvest, and Western blot. Human breast, ovarian, prostate,
pancreatic, and colon cancer cell lines were grown in Dulbecco’s modified Ea-
gle’s medium-F-12 (Life Technologies, Inc., Rockville, Md.) supplemented with
10% fetal bovine serum. The stable E1A-expressing cell lines in breast cancer
MDA-MB-231 and MCF-7 were established as described previously (36, 52).
Similarly, domain deletion mutant constructs of EIA were transfected into
MDA-MB-231 cells, and stable clones were screened and selected in the pres-
ence of G418. Aktl knockout mouse embryonic fibroblasts (MEFs) and myris-
toylated, membrane-bound, constitutively active Akt1 (myr-Akt)-transfected sta-
ble Ratl cells were provided by Nissim Hay (University of Illinois at Chicago,
Chicago) (10).

For the analysis of basal Akt and p38 expression and activity, cells were serum
starved overnight before harvesting. Cells were then washed twice with cold
phosphate-buffered saline (PBS) and lysed in a lysis buffer containing 20 mM
Tris-HCI (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 1% Nonidet P-40,
1 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate (NaVOs;),
and 1.5% aprotinin. The cell extracts were clarified by centrifugation, and protein
concentrations were determined by using a Bio-Rad (Hercules, Calif.) protein
assay reagent and analyzed in a spectrophotometer with bovine serum album
(Sigma, St. Louis, Mo.) as the protein standard. Aliquots of protein were re-
solved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to nitrocellulose membranes (Millipore Corp., Bedford, Mass.) by using
standard procedures. The membranes were then subjected to Western blotting,
and the blots were developed with the enhanced chemiluminescence system
(Amersham Pharmacia Biotech, Piscataway, N.J.).

Primary antibodies. For Western blot analysis, rabbit polyclonal antibodies
against phospho-Akt (Ser 473, catalog no. 9271, 1:1,000 dilution) and phospho-
p38 (Thr 180/Tyr 182, catalog no. 9211, 1:1,000 dilution) were purchased from
Cell Signaling Technology (Beverly, Mass.). Rabbit polyclonal antibodies against
nonphosphorylated total Akt (catalog no. 9272, 1:500 dilution), p38 (catalog no.
9212, 1:500 dilution), and cleaved poly(ADP-ribose) polymerase (PARP)
(Asp214, catalog no. 9541, 1:1,000 dilution) were also from Cell Signaling Tech-
nology. A rabbit polyclonal antibody against beta-actin was used as a loading
control for Western blotting and was purchased from Sigma. For immunohisto-
chemical (IHC) study, we used an IHC-specific rabbit polyclonal antibody
against phospho-Akt (Ser 473, catalog no. 9277) or an IHC-specific monoclonal
antibody against phospho-p38 (Thr180/Tyr 182, catalog no. 9216) at a 1:75
dilution for both antibodies. The monoclonal antibody used against the E1A
proteins was M58 (PharMingen, San Diego, Calif.). Rabbit polyclonal anti-Bax
antibodies, a hamster anti-human Bcl-2 monoclonal antibody, and rabbit poly-
clonal anti-ASK1 (H-300) antibodies were purchased from Santa Cruz Biotech-
nology, Inc. (Santa Cruz, Calif.). Mouse monoclonal antibodies against human
caspase 3 and 7 were from Transduction Laboratories (1:1,000 dilution, C31720;
Lexington, Ky.) and BD PharMingen (1:1,000 dilution, 66871A), respectively.
Rabbit polyclonal antibodies against human caspase 8 and 9 were from Santa
Cruz Biotechnology (1:500 dilution, SC-7890/H-134) and Cell Signaling Tech-
nology (1:500 dilution, no. 9502), respectively. To detect hemagglutinin (HA)-
tagged proteins, a monoclonal anti-HA antibody was used (1:1,000 dilution,
catalog no. 1,583,816; Boehringer Mannheim, Indianapolis, Ind.). A monoclonal
anti-FLAG antibody (M2) was purchased from Sigma (1:1,000 dilution).

Transient transfection, MTT assay, luciferase assay, and FACS analysis. The
standard MTT assay was performed to measure the viable cells after treatment
with anticancer drugs as described previously (52). Expression vectors for HA-
p38, constitutively active Akt (CA-Akt), dominant-negative Akt (DN-Akt), and
cytomegalovirus driving luciferase (pcDNA3-Luc) were used in this study. First,
10° cells in a 60-mm dish were transfected with 2.2 pg of total DNA by using the
DC-Chol cationic liposome as described previously (52). After 48 h, the cells
were split into three sets: one used for a luciferase assay after exposure with or
without paclitaxel for 24 h, one used to analyze Akt and p38 protein expression,
and one fixed in 75% ethanol, stained with propidium iodide (25 pg/ml), and sent
for fluorescence-activated cell sorter (FACS) analysis. The percentage of pacli-
taxel-treated cells that exhibited luciferase activity was normalized by using the
luciferase activity of the untreated cells as the baseline (100%). Standard devi-
ations from three independent experiments were calculated.

Establish t of IPTG-inducible DN-p38 stable cell lines. One E1A-express-
ing MDA-MB-231 clone was cotransfected with an isopropyl-B-p-thiogalactopy-
ranoside (IPTG)-inducible DN-p38a construct (a gift from Philipp E. Schere,
Albert Einstein College of Medicine, Bronx, N.Y.) and the plasmid pCMVLacl
(Stratagene, La Jolla, Calif.). Stable clones were selected in the presence of 200
wg of hygromycin/ml.
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Immunoprecipitation. After transient transfection with HA-tagged p38 or
CA-AKkt, cells were stimulated with 10 wM insulin for 15 min. Cells were then
lysed, and cell lysates were centrifuged at 16,000 g for 30 min. The supernatants
were then transferred to a fresh tube. Proteins were cleared via addition of a
normal mouse or rabbit immunoglobulin G and immunoprecipitated with anti-
p38, anti-Akt, or anti-HA antibodies. Immunoprecipitates were resolved by so-
dium dodecyl sulfate-10% polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. Akt, p38, and ASK1 were detected by Western blot-
ting.

Kinase assay. Nonradioactive kinase assay kits for p38 and Akt were pur-
chased from Cell Signaling (New England BioLabs, Beverly, Mass.). The p38 and
Akt kinase activities were measured according to the manufacturer’s protocol
with glutathione S-transferase (GST)-ATF-2 as the substrate for p38 and GST-
GSK-3-B as the substrate for Akt.

Tissue microarray and immunohistochemistry. Tissue microarray slides (His-
toArray no. IMH-343/BA2 and IMH-304/CB2) were purchased from IM-
GENEX (San Diego, Calif.). Detailed information about each slide is available
online. Slide processing and immunohistochemical staining were performed ac-
cording to the manufacturer’s protocol. Briefly, tissue slides were heated at 60°C,
deparaffinized in xylene, hydrated in graded ethanol, and then immersed in tap
water. Antigen retrieval was performed with 0.01 M citrate buffer at pH 6.0 for
20 min in a 95°C water bath. Endogenous peroxidase activity was quenched in
3% hydrogen peroxide solution followed by three sequential PBS washes (5 min
each). Slides were then blocked by the respective normal serum for each primary
antibody, incubated with primary antibody diluted in TBS-T (50 mM Tris-HCIl
[pH 7.6], 150 mM NaCl, 0.1% Tween 20) containing 1% ovalbumin and 1 mg of
sodium azide/ml, incubated with biotinylated secondary antibody for 30 min at
room temperature, washed with PBS again, and incubated with avidin-biotin
complex (Vestastain Elite ABC kit; Vector Laboratories, Inc., Burlingame, Cal-
if.). Slides were washed with PBS again, incubated with the AEC (3-amino-9-
ethylcarbazole) substrate kit (catalog no. Sk-4200; Vector Laboratories, Inc.),
and then counterstained in Meyer’s xylene.

One representative slide per case was evaluated with the antibodies mentioned
above. The intensities of staining seen in different areas of the same slide were
analyzed according to criteria described previously in the literature (1). The
intensity was designated 0 when no cells stained, 1+ when 10 to 20% of cells
stained (weak), 24+ when 20 to 50% of cells stained (moderate), and 3+ when
more than 50% of cells stained (strong).

Statistics. For statistical analysis, groups scored as 0 and 1+ were combined as
weak staining while groups scored as 2+ and 3+ were combined as strong
staining. Similarly, to simplify the statistical analysis, breast tumors with stages 1
and 2 were combined as early stages of tumors (n = 25 cases) while tumors with
stages 3 and 4 were combined as late stages of tumors (n = 25 cases). Statistical
analysis was performed by using x> analysis.

RESULTS

E1A upregulates p38 activity and downregulates Akt activ-
ity. To determine whether apoptosis-related kinases are in-
volved in E1A-mediated sensitization to apoptosis, we exam-
ined the phosphorylation status of three well-known kinases
involved in regulation of apoptosis, p38, Akt, and JNK, in
El1A-expressing MDA-MB-231 and MCF-7 cells (231-E1A
and MCF-7-E1A) versus vector-transfected cells (231-Vect
and MCF-7-Vect). We detected phosphorylated p38 in cells
stably expressing E1A but not in vector-transfected cells. How-
ever, the level of phosphorylated Akt was much higher in
vector-transfected cells than in E1A-expressing cells. The lev-
els of total Akt and p38 were similar in both types of cells (Fig.
1A). Kinase assays showed that p38 activity was higher and Akt
activity was lower in 231-E1A and MCF-7-E1A cells than in
231-Vect and MCF-7-Vect cells (Fig. 1B and C). We did not
detect any difference in the level of phosphorylated JNK be-
tween E1A-expressing and vector-transfected cells (data not
shown). These results indicated that E1A enhanced the activity
of the proapoptotic kinase p38 and repressed the activity of the
antiapoptotic kinase Akt but did not affect JNK phosphoryla-
tion.
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FIG. 1. Upregulation of p38 activity and downregulation of Akt activity by E1A correlated with E1A-mediated sensitization to paclitaxel-
induced apoptosis. (A) Phospho-p38 (p38-p) and phospho-Akt (Akt-p) levels in E1A-expressing cells versus those in vector-transfected MDA-
MB-231 and MCF-7 cells are shown. Total p38 (p38) and Akt (Akt) were used as loading controls. Results of kinase assays of p38 (B) and Akt
(C) and densitometric analysis of relative p38 activity with GST-ATF-2 as a substrate and Akt activity with GST-GSK-3-f as a substrate in
E1A-expressing cells versus vector-transfected control cells. E, E1A-expressing cells; V, vector transfected control cells. (D) Expression of caspase
3,7, 8, and 9 proenzymes in E1A stable cells established in human breast cancer cell lines MCF-7, MDA-MB-231, and MDA-MB-453 and ovarian

cancer cell line 2774. V, vector control; E, E1A stable cells.

A recent report showed that transient transfection of E1A
resulted in the accumulation of caspase proenzymes in human
normal diploid fibroblasts (37). We therefore compared the
expression levels of caspase proenzymes caspase 3, 7, 8, and 9
between E1A transfectants and vector-transfected carcinoma
cells, including breast cancer MDA-MB-231, MDA-MB-453,
and MCF-7 cells and ovarian cancer 2774 cells. Unlike what
was demonstrated with normal fibroblast cells, we did not
observe a unanimous increase of these caspase proenzymes in
the E1A stable cells established in human cancer cells with
epithelial origins (Fig. 1D). This suggests that transcriptional
upregulation of the caspase proenzymes in these human cancer
cells may not be as critical as it is in the normal fibroblast cells
and that other cellular mechanisms may exist for the E1A-
mediated sensitization to apoptosis in human cancer cells.

Upregulation of p38 activity and downregulation of Akt ac-
tivity correlate with E1A-mediated sensitization to paclitaxel-
induced apoptosis. To test whether alteration of the kinase
activity of Akt or p38 played a role in E1A-mediated sensiti-

zation to apoptosis, we compared the kinetics of phosphoryla-
tion of Akt or p38 with paclitaxel-induced apoptosis in 231-
E1A cells by using PARP cleavage and Bcl-2 phosphorylation
as apoptotic cell death markers. PARP cleavage and Bcl-2
phosphorylation occurred after decreased Akt phosphoryla-
tion and increased p38 phosphorylation in 231-E1A cells after
exposure to 0.01 M paclitaxel (Fig. 2A). However, no signif-
icant change was detected in the protein levels of p53 and Bax
(Fig. 2A). The same concentration of paclitaxel did not trigger
PARP cleavage, induce Bcl-2 phosphorylation, or modulate
the levels of phosphorylated p38 and Akt in the parental
MDA-MB-231 cells (data not shown). To trigger a similar
response in parental MDA-MB-231 cells, a much higher dos-
age was required (Fig. 2B). The results suggest that downregu-
lation of Akt and upregulation of p38 activities may be in-
volved in the E1A-mediated sensitization to paclitaxel-induced
apoptosis.

Activation of p38 and inactivation of Akt are required for
ElA-mediated sensitization to drug-induced apoptosis. To
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FIG. 2. Upregulated p38 activity and downregulated Akt activity correlate with E1A-mediated sensitization to paclitaxel-induced apoptosis.
(A) Kinetics of PARP, Akt, p38, Bcl-2, p53, and Bax protein expression in 231-E1A cells before and after exposure to 0.01 M paclitaxel. Bcl-2
phosphorylation and PARP cleavage were detected at 6 and 12 h after exposure to paclitaxel and became more obvious thereafter. Phosphorylation
of p38 was first detected after 30 min to 2 h and then become more obvious after 4 h of treatment. Dephosphorylation of Akt could be detected
even earlier, at 5 min posttreatment. Actin was used as a loading control. A dramatic alteration of each molecule was marked with an asterisk.
(B) Dose-dependent effect of PARP cleavage and Akt and p38 phosphorylation in MDA-MB-231 cells after exposure to paclitaxel for 24 h. The
concentrations of paclitaxel used ranged from 0 to 0.001, 0.01, and 0.1 pM.

evaluate whether activation of p38 is required for E1A-medi-
ated sensitization to paclitaxel, we tested whether blocking p38
activity could inhibit E1A-mediated sensitization in 231-E1A
cells. We used the specific p38 inhibitor SB203580 (Fig. 3A)
and a DN-p38 mutant to block p38 activation (Fig. 3B). A
pcDNA3-Luciferase (pcDNA-Luc) construct was transfected
into 231-E1A cells, and luciferase activity was used as a mea-
surement for cell survival. Pretreatment with SB203580 inhib-
ited the phosphorylation of p38 in cells with or without expo-
sure to paclitaxel (Fig. 3C, lanes 3 to 4) and protected cells
from a paclitaxel-induced decrease of luciferase activity (Fig.
3C, lane 2 versus lane 4). In addition, FACS analysis showed
that pretreatment with SB203580 protected 231-E1A cells
from paclitaxel-induced apoptosis (27.5% versus 18.0%) (Fig.
3D, lanes 2 and 4, bottom). These data suggest that p38 acti-
vation is required for E1A-mediated sensitization to paclitaxel-
induced apoptosis. Using a DN-p38 to block p38 activation
further supported the above results (Fig. 3B). When the cells
were switched to medium containing 5 uM IPTG for 24 h,
expression of IPTG-inducible DN-p38 was induced in the pres-
ence or absence of paclitaxel (Fig. 3B, lower panel). FACS
analysis showed that induction of DN-p38 by IPTG signifi-
cantly inhibited paclitaxel-induced apoptosis (Fig. 3B, upper
panel). Identical results were obtained when two additional
stable clones were studied (data not shown). However, IPTG
could not induce this effect in the 231-E1A cells without IPTG-
induced DN-p38 (data not shown). Taken together, these data
suggest that p38 activation is required for E1A-mediated sen-
sitization to paclitaxel-induced apoptosis.

To determine whether downregulation of Akt activity is also
required for E1A-mediated sensitization to paclitaxel, we ex-

amined whether activation of Akt by transfection of CA-Akt
would inhibit paclitaxel-induced apoptosis in 231-E1A cells.
The level of phosphorylated Akt and luciferase activity was
increased in CA-Akt-transfected 231-E1A cells compared with
that in the control 231-E1A cells (Fig. 3C, lanes 1 and 2 versus
lanes 5 and 6). FACS analysis showed that fewer apoptotic
cells were detected in CA-Akt-transfected cells (15.9%) than
in control 231-E1A cells (27.5%) after exposure to paclitaxel
(Fig. 3D, lane 2 versus lane 6, bottom). Thus, inhibition of Akt
phosphorylation is also required for E1A-mediated sensitiza-
tion to paclitaxel-induced apoptosis.

Activation of p38 and inactivation of Akt represent a general
cellular mechanism in response to different apoptotic stimuli.
To determine whether the same mechanism of E1A-mediated
sensitization to paclitaxel applies to other anticancer drugs, we
tested the effects of four additional drugs used in the clinic for
treatment of human cancer. These four anticancer drugs in-
duce antitumor activities through different modes of action:
doxorubicin-adriamycin (topoisomerase II inhibitor), cisplatin
(DNA-damaging agent), methotrexate (antimetabolite drug),
and gemcitabine (antimetabolite drug). The expression of E1A
significantly enhanced each drug’s cytotoxicity in MDA-MB-
231 cells, determined by using the MTT assay (Fig. 4A). In
addition, downregulation of Akt phosphorylation and upregu-
lation of p38 phosphorylation and PARP cleavage were ob-
served in 231-E1A cells but not in 231-Vect cells treated with
each of the drugs at the same dosage (Fig. 4B). These results
suggest that activation of p38 and inactivation of Akt may
contribute to E1A-mediated sensitization to apoptosis induced
by these different drugs.

To address whether activation of p38 and inactivation of Akt
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FIG. 3. Activation of p38 and inactivation of Akt are required for E1A-mediated sensitization to paclitaxel-induced apoptosis. (A) Dose-
dependent effect of SB203580 on p38 phosphorylation in 231-E1A cells. (B) An IPTG-inducible, Flag-tagged DN-p38 stable cell clone was
established in 231-E1A cells. Repression of p38 activity by IPTG-inducible DN-p38 enhances Akt phosphorylation and eliminates E1A-mediated
sensitization to paclitaxel in E1A-expressing cells in the presence of 5 uM IPTG for 24 h. (C) Western blot analysis of p38 and Akt in
E1A-expressing MDA-MB-231 cells and luciferase assay. The viability of cells with (lanes 2, 4, and 6) or without (lanes 1, 3, and 5) exposure to
paclitaxel was measured by luciferase assay. The pcDNA3-Luc vector was cotransfected into 231-E1A cells with (lanes 5 and 6) or without a
HA-tagged, myristoylated, membrane-targeted CA-Akt (lanes 1 to 4) before treatment with paclitaxel. After exposure to paclitaxel for 4 h, a
portion of cells was harvested for protein extraction while the rest were grown for 24 h. In the absence of 20 pM SB203580, the level of
phosphorylated p38 increased after exposure to paclitaxel (lanes 1 and 2). Expression of CA-Akt was detected with an anti-HA monoclonal
antibody (lanes 5 and 6). (D) A portion of the above-described cells was also subjected to FACS analysis to measure apoptosis. +, present; —,

absent.

also applied to drug-induced apoptosis in the absence of E1A,
we tested whether increasing the dosage of gemcitabine or
adriamycin could also enhance p38 activation and inhibit Akt
activation, which would then contribute to drug-induced apo-
ptosis. When MDA-MB-231 and HBL-100 cells were exposed
to a dose of gemcitabine or adriamycin 10 times higher than
that used in experiment whose results are shown in Fig. 4B, we
observed a similar pattern of downregulation of Akt and up-
regulation of p38 activation, which was correlated with PARP
cleavage (Fig. 4C). Similar results were also observed in MDA-
MB-231 cells when exposed to a higher dose of paclitaxel (Fig.
2B). These results suggest that p38 activation and Akt inacti-
vation may not be limited to E1A-mediated sensitization to
apoptosis but may also contribute to drug-induced apoptosis in
the absence of E1A. Thus, downregulating Akt activity and

upregulating p38 activity may represent a general cellular
mechanism of response to apoptotic stimuli, and E1A may turn
on this cellular mechanism and mediate sensitization to drug-
induced apoptosis.

To determine the physiological relevance of inactivation of
Akt and activation of p38 in the execution of apoptosis, we
extended our investigation to apoptosis induced by serum star-
vation, tumor necrosis factor alpha (TNF-a), and UV irradia-
tion. We observed that phosphorylation of p38 and dephos-
phorylation of Akt were correlated with serum starvation-,
TNF-a-, and UV-induced PARP cleavage in 231-E1A cells,
especially in detached apoptotic cells (Fig. 4D, lanes 1 to 8).
However, a dose of 10 times higher is required for inducing a
response in parental MDA-MB-231 cells similar to that in
231-E1A cells (Fig. 4D, lanes 9 to 11). Taken together, down-
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FIG. 4. Activation of p38 and inactivation of Akt represent a general cellular mechanism in response to different apoptotic stimuli. (A) Per-
centage of viable cells in vector-transfected (231-Vect) and E1A-expressing MDA-MB-231 (231-E1A) cells after exposure to different doses of
adriamycin (ADR) (0.1, 1.0, and 10 pM), cisplatin (CDDP) (0.2, 2, and 10 pg/ml), gemcitabine (GEM) (0.2, 2, and 10 pg/ml), and methotrexate
(MTX) (0.2, 2, and 10 pM) for 24 h. Cell viability was measured by using the MTT assay. (B) Downregulation of Akt activation and upregulation
of p38 activation correlated with drug-induced PARP cleavage in 231-Vect (V) and 231-E1A (E) cells. The concentrations used were 1 puM ADR,
2-pg/ml CDDP, 2-ug/ml GEM, and 2 uM MTX. (C) The concentrations of GEM and ADR used for MDA-MB-231 and MCF-7 cells were 20
pg/ml and 20 pM, respectively. (D) Downregulation of Akt and upregulation of p38 phosphorylation correlated with PARP cleavage induced by
serum starvation, TNF-«, and UV irradiation. 231-E1A cells were serum starved [serum(—)], exposed to TNF-a (5 ng/ml), or UV irradiated (6
J/ecm?) while parental MDA-MB-231 cells were exposed to 10-times-higher doses of TNF-a (50 ng/ml) and UV radiation (60 J/cm?). Both the
attached cells and cells in suspension were collected, if not specified. W, whole-cell lysate with both attached and suspended cells; A, attached cells

only; D, detached or floated apoptotic cells.

regulation of Akt activation and upregulation of p38 activation
may also represent a general cellular mechanism in response to
different apoptotic stimuli.

The physiological regulation of p38 activity by Akt is
through ASK1 and MEKK3, the upstream kinases of p38. The
above results suggest that both downregulation of Akt and
upregulation p38 activities are involved in E1A-mediated sen-
sitization to apoptosis. We noticed that reduced Akt phosphor-
ylation occurs before enhanced p38 phosphorylation in the
kinetic study of E1A-mediated sensitization to paclitaxel-in-
duced PARP cleavage (Fig. 2A). We therefore asked whether
Akt may act upstream of p38. To this end, Akt activity was
blocked by either a specific PI3K inhibitor, wortmannin, or a
genetic method to knock out Akt expression. Blocking Akt
activation with wortmannin in MDA-MB-231 cells resulted in
decreased Akt phosphorylation and increased p38 phosphory-
lation (Fig. 5A). And when Akt phosphorylation was recov-

ered, the p38 phosphorylation was reduced again (8- to 24-h
time points). These results indicate that Akt phosphorylation
was required for repressing p38 activation, suggesting that the
former is upstream from the latter. This conclusion was further
supported by the study with Aktl-knockout MEFs and myr-
Aktl-transfected stable cells. We observed that the level of
phosphorylated p38 was increased in Aktl '~ MEFs compared
with that in Akt*/* and Akt™/~ MEFs. Furthermore, the phos-
pho-p38 protein was undetectable in the Akt constitutively
activated myr-Akt1 stable cells (Fig. 5B). These results indicate
that Akt is able to inhibit p38 activity.

In an attempt to determine how Akt regulates p38, we
sought to determine whether Akt is physically associated with
p38 by using coimmunoprecipitation experiments. We did not
detect p38 in immunoprecipitated Akt samples (Fig. 5C) or
Akt in immunoprecipitated p38 samples (data not shown),
suggesting that Akt and p38 were not directly associated under
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the conditions we used. A recent report demonstrated that
ASKI1 is a substrate of Akt (28), and ASK1 has been shown to
be an upstream kinase of p38 (23, 51), suggesting that Akt may
indirectly regulate p38 activity through ASK1. Indeed, we also
detected that ASK1 was coimmunoprecipitated with Akt in our
experimental system (Fig. 5C). To test whether Akt can down-
regulate p38 activation through the repression of p38 upstream
kinases, such as ASK1, we blocked the activity of either ASK1
or MEKK3, both of which are p38 upstream kinases that can
be inactivated by Akt (17, 28), by using a kinase-dead, DN
mutant of ASK1 (DN-ASK1) or MEKK3 (DN-MEKK3). As
expected, blockade of either ASK1 or MEKK3 activity by DN-
ASK1 or DN-MEKKS3 repressed p38 phosphorylation and its
kinase activity, as measured by phosphorylation of ATF2 in a
dose-dependent manner in Aktl '~ MEFs (Fig. 5D), suggest-
ing that Akt inhibits p38 activation through repression of
ASKI1 and/or MEKK3 activation.

p38 inactivation is associated with Akt activation in human
cancer. The above results suggest that Akt acts upstream of

p38 and blocks p38 activation. Because activation of Akt is a
common phenomenon in different types of human cancers, we
asked whether p38 inactivation is also a common phenomenon
in human cancer cells and correlates with Akt activation. To
test whether p38 inactivation was accompanied by Akt activa-
tion in human tumor tissues in vivo, we utilized tissue array
slides to screen phospho-p38 and phospho-Akt expression in
tumor tissues of different origins and normal or parallel normal
organ tissues. We found that the phospho-Akt level was dra-
matically higher while phospho-p38 was undetectable in most
of the cancer tissues obtained from different types of solid
tumors, such as breast, lung, liver, bile duct, gastric, colorectal,
renal cell, ovarian, and uterine cancers; malignant lymphoma;
and Schwannoma. In contrast, the intensity of phospho-p38
protein staining was relatively strong while that of phospho-
Akt staining was very weak in normal organs and parallel
healthy tissues. Representative data on the expression of phos-
pho-p38 and phospho-Akt in healthy versus tumor tissues ob-
tained from the breast, lung, liver, and biliary duct are shown
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in Fig. 6A. By screening a panel of breast, ovarian, prostate,
pancreatic, and colorectal cancer cell lines with phosphospe-
cific antibody against p38 or Akt, we also observed a correla-
tion between enhanced Akt phosphorylation and reduced p38
phosphorylation in these human cancer cell lines (data not
shown). These data support the hypothesis that p38 activity is
repressed in different types of human cancer, which is associ-
ated with enhanced Akt activation.

To test whether repression of p38 and activation of Akt also
correlate with tumor stage in human cancer, we analyzed 10
healthy breast tissue samples (including 2 healthy nipple and 8
healthy breast tissues) and 50 cases of breast cancer at different
stages on Histo-Array slides. These include 4 cases at stage |
(T1), 21 cases at stage II (T2), 20 cases at stage III (T3), and
5 cases at stage IV (T4). Among the 25 cases of early stage
tumors (T1 and T2), 12% of them are negative and half of
them are weakly positive for phospho-Akt staining. In the
advanced late-stage tumor samples, all of them are positive
and more than 80% of them are moderately to strongly posi-
tive for phospho-Akt staining (Fig. 6B), whereas the relative
intensity of phospho-p38 staining was inversely correlated with
the tumor stage (Fig. 6B). In the early stage tumor samples,
only one-third of them (36%) are positive for phospho-p38
staining and only 1 of 25 cases is moderately positive for phos-
pho-p38. In the late-stage tumor samples (T3 and T4), 80% of
them are negative for phospho-p38 staining and the rest are
weakly positive for phospho-p38 staining (Fig. 6B). Comparing
the phospho-p38 staining and phospho-Akt staining in the
advanced late-stage tumor samples, we observed an inverse
correlation between the intensity of strong phospho-Akt stain-
ing versus weak phospho-p38 staining (P < 0.0001) (Fig. 6C).
Phosphorylated p38 could be detected in most of the healthy
organ tissues but not in most of the cancer tissues or cell lines,
indicating that p38 inactivation is also a common event in
human cancer cells with Akt activation.

The CR2 domain of E1A is required for downregulation of
Akt phosphorylation and chemosensitization. The above re-
sults suggested that Akt regulated p38 activation in both phys-
iological and pathological conditions, which indicates that
E1A-mediated downregulation of Akt activity and upregula-
tion of p38 activity are accompanied events, i.e., by repression
of Akt activation, E1A enhanced p38 activity and sensitized
cells to drug-induced apoptosis. To lay further genetic support
for these conclusions, we proposed to map the domain(s) of
E1A that is responsible for downregulation of Akt activity and
demonstrate that the same domain is also critical for E1A-
mediated upregulation of p38 and sensitization to drug-in-
duced apoptosis. It is known that among the three conserved
domains (CR) of E1A, CR1 and CR2 are associated with
E1A-mediated sensitization to apoptosis (46). Therefore, we
established E1A functional domain deletion mutation stable
cells in MDA-MB-231 cells, including wild-type E1A, and de-
letion mutations of CR1 (ACR1) and CR2 (ACR2) (Fig. 7A).
We found that deletion mutations of the CR2 domain dramat-
ically disrupted E1A’s ability to downregulate Akt kinase ac-
tivity, eliminated E1A-mediated upregulation of p38 kinase
activity, and remarkably repressed E1A-mediated sensitization
to paclitaxel-induced apoptosis (Fig. 7B and C) while the CR1
domain mutant only slightly affected E1A-mediated chemo-
sensitization and downregulation of Akt and upregulation of
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p38 activities (Fig. 7B and C). These results indicate that the
same CR2 domain required for downregulation of Akt is also
required for upregulation of p38 and sensitization to drug-
induced apoptosis and thus supports the conclusions that Akt
represses p38 activity and that E1A, by downregulation of Akt
activity, enhances p38 activation and sensitizes cells to antican-
cer drug-induced apoptosis.

DISCUSSION

The present study shows that the activity of p38 is regulated
by Akt and is deregulated partly due to Akt activation in
human cancer. Activation of Akt antagonizes p38 activation
while inactivation of Akt results in p38 activation. The adeno-
viral protein E1A, by downregulation of Akt activity, enhanced
p38 activation and sensitized cells to apoptosis induced by
different apoptotic stimuli. It is known that p38 participates in
the regulation of apoptotic cell death through transcriptional
upregulation of proapoptotic gene expression, such as Fas li-
gand (11, 13, 20, 38). p38 is also involved in negative regulation
of cell growth, as it represses cyclin D1 expression and regu-
lates the G,-M transition through the regulation of cdc25 pro-
tein phosphatase and p53 protein (6, 42). Recently, inactiva-
tion of p38 has been shown to contribute to the development
of human cancers by suppressing p53 activation (7), suggesting
a tumor-suppressive function of p38. In contrast, Akt is known
to upregulate the cyclin D1 expression while repressing Fas
ligand expression and p53 stabilization (39, 50). Akt is also
involved in regulation of the G,-M transition (26, 40, 47).
Thus, Akt may functionally antagonize the p38 effect on cel-
lular processes ranging from cell cycle progression to cell
death, though some cell types may respond differently (3, 8, 17,
19, 44). However, the regulation between the Akt and p38
pathways is still unclear in the literature, and the present study
provides a link between activation of Akt and inactivation of
p38. As discussed above, Akt positively regulates cell growth
but negatively regulates cell death while p38 positively regu-
lates cell death but negatively regulates cell growth. Given the
results we obtained in Akt~/~ MEFs (Fig. 5B and D) and the
fact that Akt directly phosphorylates and negatively regulates
the activation of ASK1 and MEKK3, the upstream kinase of
p38 (17, 28), we propose that Akt may repress p38 activation
through the phosphorylation and inactivation of ASK1 or
MEKK3 and that inactivation of Akt may result in p38 activa-
tion through the release of ASK1 and/or MEKK3 activity.
Because either DN-ASK1 or DN-MEKKS3 sufficiently re-
pressed enhanced p38 phosphorylation in Akt1~/~ MEFs (Fig.
5D), it also suggests that both ASK1 and MEKK3 are involved
in Akt-mediated inactivation of p38. Regulation of p38 activity
by Akt2 through ASKI was also demonstrated recently by
Yuan et al. in their report on cisplatin-induced apoptosis (57),
suggesting that both Aktl and Akt2 may use a similar mecha-
nism to inactivate p38.

We have shown that activation of p38 follows inactivation of
Akt (Fig. 2 and 4B to D) when cells underwent apoptosis,
suggesting that the pro- and antiapoptotic signals may inte-
grate each other to prepare cells to commit suicide. The rela-
tive Akt and p38 activity may determine a cell’s response to
apoptotic stimuli, as they can be observed in E1A-mediated
sensitization to apoptosis induced by serum starvation, TNF-a,
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UV irradiation, and different categories of chemotherapeutic
drugs (Fig. 4B to D). Expression of E1A may shift the balance
of the pro- and antiapoptotic signals by repressing Akt activity
and enhancing p38 activity, thereby favoring the proapoptotic
signal. Additional approaches could also be used by E1A to
shift the intracellular signal integration to favor a proapoptotic
signal, such as activation of p53 and caspase proenzymes, but
these pathways may not contribute to the present study. For
example, p53 and pl4ARF were deleted in MDA-MB-231 cells
and we did not detect any change in the expression level of p53
or pl4ARF in E1A versus parental control cells (data not
shown), i.e., the p53-dependent mechanisms may not contrib-
ute to E1A-mediated sensitization to apoptosis in the present
study. Although expression of E1A by infection of cells with
either retroviral or adenoviral vector resulted in the accumu-
lation of caspase proenzymes, such as caspase 3, 7, 8, and 9, by
a direct transcriptional mechanism through enforced E2F-1
release in normal diploid human fibroblasts (IMR90) (37). We
did not observe a consistent increase of these caspase proen-
zymes in the E1A stable cells established in human cancer cells
with epithelial origin (Fig. 1D). In addition, sensitization to the
DNA damage agent adriamycin-induced apoptosis by E1A is
dependent on p53 status in normal fibroblasts (37) while E1A
dramatically sensitized the adriamycin therapeutic effect in
ovarian cancer SKOV3.ipl (5) and breast cancer MDA-MB-
231 cells (Fig. 4A), which do not express functional p53. The
discrepancy between normal diploid fibroblasts and epithelial
carcinoma cells in E1A-mediated sensitization to apoptosis
may reflect the nature of the intrinsic difference between nor-
mal fibroblasts and carcinoma cells. However, downregulation
of Akt activity by E1A was also observed in E1A-mediated
sensitization to cisplatin in human normal IMR90 fibroblasts
(54). Thus, targeting the key oncogenic survival factor Akt may
represent a critical mechanism for E1A-mediated sensitization
to anticancer drug-induced apoptosis in human cancer cells
and normal fibroblasts as well.

E1A has been shown to facilitate cytochrome c release from
the mitochondria, which also contributes to E1A-mediated
sensitization to anticancer drugs. However, the mechanism by
which E1A facilitates cytochrome ¢ release is unclear (14).
Although we did not test whether E1A expression affected Bax
translocation, which may also facilitate cytochrome c release,
E1A expression or treatment with paclitaxel did not affect the
levels of Bax protein in our system (Fig. 2A). Akt is known to
play an important role in maintaining mitochondrial integrity
and inhibiting the release of cytochrome ¢ (11, 27). Overex-
pression of Akt confers resistance to paclitaxel by inhibiting
paclitaxel-induced cytochrome c release (41). However, p38 is
also involved in regulation of cytochrome c release (2). There-
fore, it is possible that E1A may alter mitochondrial potential
by downregulating Akt and upregulating p38, thereby facilitat-
ing the release of cytochrome ¢ upon treatment with chemo-
therapeutic drugs, such as paclitaxel. Thus, downregulation of
key survival factor Akt activity and subsequent upregulation of
a proapoptotic factor p38 activity by E1A may constitute a
fundamental approach for E1A-mediated sensitization to ap-
optosis.

The mechanisms underlying E1A-mediated downregulation
of Akt activity are not yet clear. Obviously, E1A-mediated
downregulation of Her-2/neu and/or Axl may contribute to

FIG. 6. Inactivation of p38 associated with Akt activation in human cancer. (A) Immunohistochemical staining of phospho-p38 and phospho-Akt in different types of human cancer tissues
in the Histo-Array slides. Ca, carcinoma; ID Ca, infiltrating ductal carcinoma; BA Ca, bronchoalveolar carcinoma; HC Ca, hepatocellular carcinoma. (B) Intensity of phospho-Akt and

phospho-p38 stained in the early and late stages of breast cancer. The staining intensity of phospho-Akt is significantly greater in late stage (stage III and IV) breast cancer while positive
phospho-p38 staining is predominant in healthy breast epithelial cells and early stage (stage I and II) breast cancer (P < 0.001 for both). (C) Inverse correlation between phospho-Akt and

phospho-p38 staining in late stage breast cancer tissue samples.
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reduced Akt activation, as activation of either Her-2/neu or
Axl leads to PI3K-Akt kinase activation and downregulation of
Her-2/neu and/or Axl also contributes to E1A-mediated sen-
sitization to apoptosis (21, 29, 30, 58). However, downregula-
tion of Akt activity by E1IA may not necessarily depend on
El1A-mediated downregulation of Her-2/neu and/or Axl, be-
cause both MDA-MB-231 and MCF-7 cells are low Her-2/neu-
expressing cells and MCF-7 cells have an undetectable expres-
sion level of Axl (35). In addition, deletion mutation of the
CR2 domain affects E1A-mediated downregulation of Akt
(Fig. 7B), but it has no effect on E1A-mediated transcriptional
repression of Her-2/neu (9). Thus, in addition to the Her-2/
neu-dependent pathway, a Her-2/neu-independent pathway
must exist for E1IA to mediate downregulation of Akt activity
leading to sensitization to apoptosis. In addition, overexpres-
sion of Her-2/neu or activation of Akt also leads to p53 desta-
bilization (50, 59), suggesting that downregulation of Akt ac-
tivity by EIA may constitute an alternative pathway for
stabilization of p53. Like Her-2/neu and p53, Akt also plays a
critical role in the regulation of apoptotic cell death and the
development of human cancer. Therefore, E1A-mediated

downregulation of Akt and upregulation of p38 activities may
have general implications for E1A-mediated tumor suppres-
sion and sensitization to apoptosis.
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