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Abstract

The PI3K/Akt signaling pathway is constitutively activated in some pancreatic cancers; when 

activated, it inhibits chemotherapy-mediated apoptosis. We examined whether Akt activity 

correlates with apoptotic resistance to chemotherapy in pancreatic cancer.

Methods—A panel of human pancreatic cancer cells was evaluated for basal AKT activity as 

well as response to three chemotherapies. Chemotherapy-induced cell death was evaluated 

following either up- or down-regulation of AKT activity. Evaluation of phosphorylation of 

p21Cip/Waf1, a downstream target of AKT, was also evaluated.

Results—There was a broad distribution among pancreatic cancer cell lines by AKT activity as 

well as sensitivity to the three chemotherapeutic agents with no apparent correlation. 

Phosphorylation of p21Cip/Waf1, but not change in total levels, correlated with the 

chemosensitizing effect of AKT inhibition to paclitaxel.

Conclusions—Basal AKT activity does not appear to be a useful predictor for selection of 

pancreatic cancers in targeting AKT to broadly induce chemosensitivity.
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Significant advances in cancer biology have uncovered several potential targets for 

molecularly-based therapy. The phosphatidylinositol-3 kinase (PI3K)/Akt is a fundamental 

signaling pathway that mediates several cellular processes, including cell proliferation, 

growth, survival, and motility (1–3). Increased activation, deregulation, and mutation of the 

components in the PI3K/Akt pathway have been implicated in driving tumorigenesis and 

conferring resistance to chemotherapy (4–6). Akt (protein kinase B) is a well-characterized 

serine/threonine kinase that is the central protein in the PI3K/Akt signaling pathway. 

Increased Akt activity has been demonstrated in many types of cancer, where it transmits a 

potent survival/anti-apoptotic signal7. Akt promotes cell survival through effects on 

numerous downstream targets, including the inactivation of pro-apoptotic proteins such as 

BAD and caspase-9, the activation of NF-κB resulting in transcription of anti-apoptotic 
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genes, and the progression of the cell cycle through the cytoplasmic sequestration of p21 and 

the stabilization of cyclin D (8–13).

Akt activation is a frequent event in pancreatic cancer and correlates with outcome; 

immunohistochemical presence of phosphorylyated Akt (pAkt) has been associated with 

worse prognostic variables and outcome (14–16). It has been demonstrated previously that 

inhibition of the PI3K/Akt pathway sensitizes pancreatic cancer cells to the apoptotic effect 

of chemotherapy (10) in vitro and in vivo(17–26). However, the relative degree of Akt 

activation is quite variable across pancreatic cancer cell lines; kinase activation is rarely an 

on/off type of dichotomous variable. The activation of the HER-2/neu kinase in breast 

cancer has been divided into four categories (0 to 3+ based on immunohistochemical 

staining) with only the highest expressing group demonstrated to be sensitivity to targeted 

anti-HER-2/neu therapy (27). It is currently unknown whether the degree of Akt activity 

may be useful in identifying pancreatic cancers that are more sensitive to chemotherapy in 

the context of Akt inhibition. Furthermore, current research has primarily focused on the 

chemotherapy gemcitabine, as it is the only approved chemotherapy in pancreatic cancer. 

Yet, in vitro studies targeting HER-2/neu in breast cancer have demonstrated synergy with 

chemotherapeutic agents that have not been traditionally considered standard in that disease 

(28). This may well be due to the interaction of the targeted signaling pathway and the 

biochemical events involved in the apoptotic effect of the specific chemotherapeutic agent.

In this study, it was sought to determine the relationship between the degree of Akt 

activation and the response to diverse chemotherapeutic agents in pancreatic cancer. 

Furthermore, the level of Akt activity was modulated in different cell lines in an effort to 

determine whether basal level of Akt activation predicted the apoptotic response to 

chemotherapeutic agents. These studies will provide the necessary rationale for further 

development of Akt inhibition in pancreatic cancer by allowing appropriate tumor and 

chemotherapy selection.

Materials and Methods

Materials

All chemical reagents were purchased from Sigma-Aldrich Corporation (St. Louis, MO, 

USA) unless otherwise specified. Cell culture supplies and media were purchased from 

Becton Dickinson (San Diego, CA, USA) and Gibco/BRL Life Technologies (Gaithersburg, 

MD, USA), respectively. Paclitaxel (TaxolR) was purchased from Sigma-Aldrich, 

reconstituted in DMSO, and stored at −20 °C. Gemcitabine (GemzarR; Eli Lilly; 

Indianapolis, IN) was reconstituted in sterile PBS, and stored at −20 °C. Monoclonal 

antibodies to Akt, phospho-Akt, p21Cip/Waf1 and phospho-p21Cip/Waf1 and phospho-GSK 

were purchased from Cell Signaling (Beverly, MA, USA); a polyclonal antibody to actin 

was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Plasmids for 

transfection experiments were purified using Qiagen’s maxi kit.
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Cell culture

The human pancreatic cancer cell lines MiaPaCa-2, Panc-1, BxPC-3, AsPC-1, Capan-1 and 

Capan-2 were obtained from the American Type Culture Collection (Rockville, MD, USA). 

Cells were cultured in recommended medium supplemented with 10% fetal bovine serum, 

sodium pyruvate, nonessential amino acids, L-glutamine, vitamins, penicillin, and 

streptomycin. Cells were maintained at 37°C in a humidified incubator containing 5% CO2.

Western blotting

Following treatments, cells were harvested by trypsinization (trypsin 0.25% w/v, 1 mM 

ethylenediaminetetraacetic acid), washed with PBS, and lysed overnight at −20 °C in a lysis 

buffer purchased from Cell Signaling (Beverly, MA, USA) containing 20mM Tris (pH 7.5), 

150 mM NaCl, 1mM EDTA, 1mM EGTA, 1% Triton X-100, 2.5mM sodium 

pyrophosphate, 1mM β-Glycerolphosphate, 1mM Na3VO4, 1µg/ml Leupeptin, and 1mM 

PMSF. Debris was sedimented by centrifugation for 10 min at 14,000 g, and the protein 

concentration of the supernatant was determined using a Bio-rad protein detection assay kit 

(Bio-Rad Laboratories, Hercules, CA, USA). Protein (75–100 µg) was solubilized at 100 °C 

in Laemmlis sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

sample buffer containing 15% 2-mercaptoethanol. Each sample was separated on a 10% 

SDS-PAGE gel by electrophoresis at 150V for 90 minutes. Separated polypeptides were 

then electrophoretically transferred to 0.2 mm nitrocellulose membranes (Schleicher & 

Schuell, Keene, NH, USA) for 90 minutes at 100V. Membranes were blocked for 1 h in 

Tris-buffered saline-Tween (TBS-T; 25 mM Tris, pH 8.0, 150 mM NaCl, and 0.05% 

Tween-20) containing 5% (w/v) nonfat dried milk. Blots were then probed overnight with 

primary antibodies and developed using species-specific secondary antibodies. 

Immunoreactive material was detected by enhanced chemiluminescence (ECL; Amersham 

Biosciences, Piscataway, NJ, USA).

Modulation of Akt activity

In order to demonstrate the role of Akt in response to chemotherapy, modulation of basal 

Akt activity was performed. Akt expression was augmented through the transient 

transfection of constitutively active myristylated Akt1 (myr-Akt) cDNA in pUSEamp 

(Upstate, Charlottesville, VA, USA). In brief, cells were plated to a density of 5 × 104 

cells/ml. After allowing 24 hours for cellular recovery and adherence, cells were transfected 

with 1 mcg of the myr-Akt plasmid in association with 5 µl of Lipofectin reagent in serum 

deprived media. Approximately 12–16 hours following transfection, serum containing media 

(DMEM + 10% FBS) was reintroduced and cells were incubated for an additional 48 hours. 

Increases in Akt expression were demonstrated via western blotting as previously described. 

Treatment with Paclitaxel or Gemcitabine was initiated at this 48 hour time point when Akt 

activity was known to be at its peak.

Conversely, anti-sense RNA was used to reduce the level of Akt activity in the pancreatic 

cancer cell lines. Knockdown of Akt protein expression was accomplished through the 

transient transfection of SMARTpool Akt siRNA (Upstate, Charlottesville, VA, USA). In 

brief, cells were plated to a density of 2.5 × 104 cells/ml. After allowing 24 hours for cellular 

recovery and adherence, cells were transfected with 100 nM SMARTpool Akt siRNA in 

Parsons et al. Page 3

Anticancer Res. Author manuscript; available in PMC 2015 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



serum deprived media using the siImporter reagent system obtained from Upstate 

(Charlottesville, VA, USA). Approximately 12–16 hours following transfection, serum-

containing media was reintroduced and cells were incubated for an additional 72 hours. 

Knockdown of Akt expression was demonstrated by western blotting. Treatment was 

initiated at 72 hr post siRNA transfection. In addition, A-443654, a small molecule 

pseudosubstrate peptide, was used to inhibit Akt (generous gift from Vincent Giranda, 

Abbott Laboratories, Inc.) (18).

Akt kinase assay

To demonstrate proof of principle, Akt kinase assays were performed following modulation 

of Akt activity. A nonradioactive Akt kinase assay kit (Cell Signaling, Beverly, MA, USA) 

was used. In brief, cells were plated to a density of 5 × 104 cells/ml in P-100 dishes. 

Transfection with either myr-Akt or Akt siRNA was performed as described previously. 

Following appropriate incubation time, cells were harvested under nondenaturing 

conditions. This includes washing with ice-cold PBS, followed by incubation with 1ml of 1× 

ice-cold Cell Lysis Buffer (20mM Tris (pH 7.5), 150 mM NaCl, 1mM EDTA, 1mM EGTA, 

1% Triton X-100, 2.5mM sodium pyrophosphate, 1mM β-Glycerolphosphate, 1mM 

Na3VO4, 1µg/ml Leupeptin, and 1mM PMSF) on ice for 10 minutes. Cells were scraped off 

the dish and debris was sedimented by centrifugation for 10 min at 14,000 g at 4 °C. Next, 

Akt was immunoprecipitated from 200 µg of cell lysate using resuspended Immobilized Akt 

Antibody slurry with gentle rocking at 4 °C overnight. The pellets were washed twice with 

500 µl of 1× Cell Lysis Buffer and 500 µl of kinase b and then incubated with 200 µM ATP 

and 1 µg GSK-3 fusion protein for 30 minutes at 30 °C. The reaction was terminated with 14 

µl of 4× SDS sample buffer, vortexed, and centrifuged for 2 minutes. Each sample was 

separated on a 12% SDS-PAGE gel by electrophoresis, transferred to a nitrocellulose 

membrane, blocked, probed, and developed as per the previously detailed western blot 

protocol.

FACS analysis

To identify and quantitate changes in the cell cycle distribution and the induction of 

apoptosis, treated cells underwent propidium iodide (PI) staining and fluorescence-activated 

cell sorting (FACS) as previously described (26). In brief, cells were plated at a density of 

1×105 cells/ml. After allowing 24 hours for cell adherence, cells were transfected and/or 

treated. Cells were collected by gentle trypsinization, washed in phosphate-buffered saline 

(PBS), pelleted by centrifugation and fixed in 70% ethanol. Immediately prior to staining, 

cells were washed twice in PBS and resuspended in PBS containing RNAse A (20 µg/ml). 

Cells were stained with propidium iodide (final concentration 10 mcg/ml) for 10 min at 

room temperature. Samples were analyzed by FACS (FL-3 channel) using a Beckman 

Coulter Counter Epics XL flow cytometer (Beckman Coulter, Miami, FL, USA). For each 

sample, 50,000 events were collected and stored for subsequent analysis using EXPO 

software (version 2.0; Applied Cytometry Systems, Sheffield, UK). The percentage of cells 

in the sub-G0 phase was quantitated as an estimate of cells undergoing apoptosis.
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Active Caspase-3 immunoassay

Active caspase-3 levels were quantitated using the human Active Caspase-3 Immunoassay 

kit as suggested by the manufacturer (R&D Systems, Inc., Minneapolis, MN, USA). 

MiaPaCa-2 and PANC-1 cells were plated in 6 well plates at 1 × 105 cells/well. After 

allowing 24 hours for cell adherence, cells were treated. Cell treatments were performed in 

triplicate. After treatment, caspase-3 was labeled by addition of 2 µl of 5 mM biotin-ZVKD-

fmk per 1 ml of culture medium and cells were incubated in a humidified incubator 

containing 10% CO2 at 37° C for 1 hour. Cells were rinsed with phosphate buffered saline 

and 110 µL of extraction buffer (1X) containing 7M urea (Fisher Scientific, Pittsburgh, PA, 

USA) and protease inhibitors was added to each well and the plates were incubated 

overnight at 4 °C. The cell lysates were diluted 5-fold by addition of 400 µl of Diluent 

RD5-20 (1X). Caspase 3-standards supplied by the manufacturer and 100 µl of the diluted 

cell lysates were added to the active-caspase-3 microplate in duplicate and incubated for 2 h 

at room temperature. The microplate was washed five times with 400 µl of wash buffer per 

well for 10 s. The active caspase-3 conjugate (strepavidin–HRP) was added to each well and 

incubated for 1 hr at room temperature. After substrate addition and quenching per the 

manufacturer’s instructions, plates were read at 450 nm with wavelength correction at 540 

nm. A standard curve was constructed and the amount of active caspase-3 in the treated 

samples was calculated.

Immunofluorescence

For fluorescence microscopy, cells were cultured on glass coverslips and fixed in 3.7% 

paraformaldehyde (5 minutes at room temperature). Cells were washed in PBS and then 

solubilized by treatment with 0.5% Triton X-100 for 20 minutes at room temperature. 

Blocking of nonspecific binding was achieved by incubation in 3% milk for 15 minutes at 

room temperature. Coverslips were incubated with monoclonal antibodies to p21Cip/Waf1 

and phospho-p21Cip/Waf1 for 2 hours at 37°C, washed with PBS, and then incubated (4°C, 

overnight) with species-specific secondary antibodies (Alexa FluorR 647; Invitrogen; 

Carlsbad, CA). Cells were then counterstained for nuclear visualization with 4,6-

diamidino-2-phenylindole dihydrochloride (DAPI; 300 nM; Molecular Probes, Eugene, OR, 

USA).

Results

Basal expression of AKT differs among pancreatic cancer cell lines

Constitutive activation of Akt has been reported in many cancers, including breast, ovarian, 

and prostate7. The first step in this investigation was to analyze the basal expression of Akt 

in pancreatic cancer. Cell lysates from six pancreatic cancer cell lines were screened by 

western blotting for the level of pSer473Akt, pThr308Akt and total Akt. Three of the seven 

cell lines (MIA-PaCa-2, PANC-1, and Capan-2) demonstrated moderate to high levels of 

Akt activation as determined by pSer473Akt levels, while three cell lines (BXPC-3, ASPC-1, 

and Capan-1) showed low levels of Akt activation (Figure 1A). Of note, pThr308Akt level 

did not vary among the six cell lines. Total Akt level was variable and did not necessarily 

correlate with abundance of pSer473Akt. For further studies of apoptotic induction following 
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exposure to diverse chemotherapies, the following cell lines were used: AsPC-1 for low Akt 

activation, MIA-PaCa-2 for moderate Akt activation, and PANC-1 for high Akt activation.

Differential response to chemotherapy among cell lines with varying levels of Akt 
activation

Many studies in pancreatic cancer have implicated activation of the PI3K/Akt pathway in 

conferring resistance to chemotherapy-induced apoptosis in pancreatic cancer, though the 

majority of studies have only utilized the chemotherapy gemcitabine (17, 23–26). The 

response in three pancreatic cancer cell lines was compared with differential activation of 

Akt to three chemotherapy agents with diverse cellular function. The chemotherapies 

examined were: gemcitabine, a nucleoside analog that blocks DNA replication; paclitaxel, 

which inhibits microtubule depolymerization and carboplatin which causes DNA adducts. 

Gemcitabine induced only a small amount of increased cell death in AsPC-1 and MIA-

PaCa-2 cells but had no effect on PANC-1, consistent with the recent report by Pan et al.29 

(Figure 1B). Paclitaxel treatment increased the fraction of cells in G2/M phase of the cell 

cycle in all cell lines, though differential induction of apoptosis was observed. AsPC-1 cells 

underwent very little apoptosis (1.8%), PANC-1 sustained a modest induction of apoptosis 

(16.4%), and MIA-PaCa-2 underwent significant cell death (41.5%). Following carboplatin 

treatment, only MIA-PaCa-2 was noted to increase the cell population in the S phase of the 

cell cycle, consistent with its mechanism of inducing DNA adducts and halting DNA 

synthesis. To further elaborate on the differential effect of paclitaxel, a time course study 

was conducted in these three cell lines; MIA-PaCa-2 was the most sensitive to the apoptotic 

effect of paclitaxel with apoptosis observed as early as 6 hours of paclitaxel treatment 

(Figure 1C). At 48 hours, only a minimal increase in apoptotic fraction was observed in the 

other two cell lines (Figure 1C). If basal level of Akt activation predicted apoptotic 

response, AsPC-1 would have been uniformly sensitive to the tested agents and PANC-1 

resistant, though the data does not demonstrate that correlation.

Effect of chemotherapy exposure on activation of Akt

Following exposure to apoptotic stimuli, cells may engage survival mechanisms to subvert 

the induction of cell death. Activation of the Akt signaling pathway has been observed 

following exposure of diverse cancer cell types to various chemotherapeutic agents. Given 

the varying degree of basal activation of Akt in pancreatic cancer, it was examined whether 

there was further activation upon exposure to these three chemotherapeutic agents. MIA-

PaCa-2 cells were treated with gemcitabine, paclitaxel or carboplatin and alterations in pAkt 

level examined over a time frame of 15 minutes to 6 hrs. Gemcitabine treatment was 

observed to induce a rapid increase in pSer473Akt levels; paclitaxel treatment led to a similar 

though less dramatic increase in pAkt levels while carboplatin had no effect (Figure 1D). 

The evaluation was then expanded to the other cell lines with examination at 2 hrs of 

treatment, given the reproducible activation of Akt in Mia-PaCa-2 following paclitaxel and 

gemcitabine at this time point. No significant activation of Akt in PANC-1 or AsPC-1 was 

observed following any of the treatments (Figure 1E). Therefore, treatment-mediated 

activation does not appear to be a common response among these pancreatic cell lines, nor 

specifically correlated with chemotherapy-induced apoptosis.
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Effect of increasing Akt activity on chemotherapy-induced apoptosis

It was sought to increase Akt expression in both the AsPC-1 cells (low Akt activation) and 

the MiaPaCa-2 cells (moderate Akt activation) to determine if the chemotherapy response 

would be more like that of PANC-1 (high Akt activation). The cells were transfected with a 

plasmid that encodes a constitutively active Akt (myr-Akt) and cells were analyzed by 

Western blot for pAkt levels or downstream signaling events of phosphorylation of GSK and 

I-κB, or stabilization of p21Cip1 (Figure 2A; data shown only for MIA-PaCa-2; data not 

shown for AsPC-1). In addition, Akt kinase activity was confirmed to be increased 

following transfection of the myr-Akt (Figure 2B). Increasing Akt activity in either AsPC-1 

or MIA-PaCa-2 had no effect on basal levels of cell death or cell cycle distribution (data not 

shown). In AsPC-1, when Akt activity was increased by the myr-Akt transfection, paclitaxel 

treatment led to increased cell death, though in MIA-PaCa-2 the increased Akt activity led to 

decreased cell death (Figure 2C). Following paclitaxel treatment, apoptotic fraction 

increased from 6.6% in AsPC-1 to 27.9% in the setting of increased Akt activation; however 

in MIA-PaCa-2 the effect of exogenous Akt activation was to decrease the apoptotic fraction 

from 41.5% to 28.8%. In association with this decrease in paclitaxel-induced cell death in 

MIA-PaCa-2 following myr-Akt transfection was a more rapid and heightened G2/M cell 

cycle arrest (Figure 2D). The effect of exogenous Akt activation increased the G2/M 

fraction following paclitaxel treatment, most notably at 12 hours of treatment, with a 

decrease in the induction of apoptosis. However, increasing AKT activity did not alter the 

cellular response to gemcitabine in these cells (data not shown). Therefore, while increasing 

Akt activity in MIA-PaCa-2 made the cellular response of MIA-PaCa-2 more similar to the 

high-Akt PANC-1 cell line (i.e. reduced cell death though preserved G2/M cell cycle arrest), 

apoptosis actually increased in the low-Akt AsPC-1 cell line in response to paclitaxel.

Although PANC-1 demonstrated the highest level of Akt activation of the seven cell lines, 

whether further increase in activity has cellular consequences was evaluated. Using the same 

myr-Akt transfection, the Akt activity was capable of further upregulation (Figure 2E). 

Interestingly, the increase in Akt activity following myr-Akt transfection increased the 

apoptotic response in PANC-1 cells to paclitaxel (Figure 2F), without significantly 

impacting G2/M arrest (data not shown). Therefore, an enforced increase in Akt activity 

increased paclitaxel-induced cell death in AsPc-1 and PANC-1 cells, but actually decreased 

the apoptotic response in MIA-PaCa-2 cells.

Effect of decreasing Akt activity on chemotherapy-induced apoptosis

Next, it was sought to examine if there was a consistent response to reducing the level of 

Akt expression, anticipating that this would increase cellular susceptibility to the apoptosis-

inducing effects of chemotherapy. An siRNA approach was initially used to decrease Akt 

levels, with confirmation of decreased Akt activity. PANC-1 cells were transfected with Akt 

siRNA to achieve a dose-dependent knockdown of total Akt, which did correlate with a 

decrease in pAKT (Figure 3A). The cellular response to paclitaxel and gemcitabine was then 

examined in the absence or presence of Akt siRNA (100 nM). In the presence of Akt 

knockdown, both chemotherapeutic agents induced a greater degree of apoptosis; notable 

was the baseline increase in apoptosis in the absence of any chemotherapy treatment (Figure 

3B). While Akt knockdown increased paclitaxel-induced apoptosis, there was a decrease in 
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paclitaxel-induced G2/M cell fraction. The flow cytometry results were supported by a 

caspase-3 ELISA in which the Akt knockdown increased the baseline level of caspase-3 

activation as well as following paclitaxel treatment (Figure 3C). To corroborate these 

findings, it was evaluated whether small molecule inhibition of Akt altered the cellular 

response to paclitaxel in PANC-1 cells. A-443654 is a specific indole-pyridine inhibitor of 

Akt (18). Following 6 hr of treatment with A-443654, PANC-1 cells demonstrated a dose-

dependent inhibition of Akt demonstrated by reduced phosphorylation of the downstream 

substrate GSK (Figure 3D). Similar to the findings of siRNA-mediated AKT knockdown, 

A-443654 (50 nM) blunted the G2/M cell cycle arrest following 24 hrs of paclitaxel 

treatment but increased apoptosis in PANC-1 (Figure 3E).

Next, the cellular response to paclitaxel in MIA-PaCa-2 cells following AKT inhibition with 

A-443654 was examined. Although these cells have an overall lower level of AKT 

activation compared to PANC-1, A-443654 was still able to effectively inhibit AKT activity 

(Figure 4A). Similar to PANC-1 cells, A-443654 decreased the G2/M cell cycle fraction 

following paclitaxel treatment (Figure 4B). However, unlike PANC-1 cells, cell death was 

notably decreased following AKT inhibition with A-443654 in combination with paclitaxel 

treatment. These data suggest that AKT plays separate roles in the G2/M cell cycle arrest 

and the cell death following paclitaxel therapy as observed by the differential response of 

these cell lines to either AKT activation or inhibition (Table I). Furthermore, we it was not 

possible to predict the effect of AKT modulation on paclitaxel-induced cell death based on 

basal level of AKT activation, AKT response to chemotherapy, or type of chemotherapy 

used. also It was also noted that the effect of AKT inhibition on G2/M arrest did not parallel 

the alteration of paclitaxel-induced cell death: AKT inhibition reduced the paclitaxel-

induced G2/M fraction in both MIA-PaCa-2 and PANC-1 yet these changes were associated 

with an increase in cell death in PANC-1 but a decrease in cell death in MIA-PaCa-2.

Using A-443654, a reversible small molecule inhibitor of AKT, the time-dependent role of 

paclitaxel-induced AKT activation in the G2/M cell cycle arrest as well as cell death was 

examined. Following just 1 hr exposure, AKT activity is dramatically reduced in MIA-

PaCa-2 cells, though after removal of the inhibitor, AKT activity increases toward baseline 

levels of activation (Figure 4C). The cellular response to paclitaxel following just a 1 hr 

treatment with the AKT inhibitor A-443654 to block the initial basal and paclitaxel-

mediated induction of AKT was then examined. Despite some recovery of AKT activity by 

twelve hours as noted in Figure 4C, paclitaxel was ineffective at initiating either G2/M arrest 

or cell death (Figure 4D). These data indicate that AKT activity is essential early in both the 

cell cycle arrest and subsequent cell death induced by paclitaxel. The role of p21Cip/Waf1 in 

these events was further examined, given its role in the G2/M arrest following paclitaxel by 

direct phosphorylation by AKT. Following paclitaxel treatment in MIA-PaCa-2 cells, which 

has been previously shown to induce AKT activation, total and phosphorylated levels of 

p21Cip/Waf1 are increased (Figure 4E). In the setting of AKT inhibition by siRNA 

transfection, paclitaxel still increased levels of p21Cip/Waf1 though the phosphorylation of 

p21Cip/Waf1 was nearly abrogated (Figure 4E). These data suggest that paclitaxel induces an 

AKT-dependent phosphorylation of p21Cip/Waf1, which may be coupled with the G2/M cell 

cycle arrest and cell death, though the increased levels of p21Cip/Waf1 do not seem to be 

associated with the AKT-mediated events following paclitaxel therapy.
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Discussion

AKT plays an important role in cancer therapy by promoting resistance to the apoptosis-

inducing effects of chemotherapy (30, 31). Thus, AKT-targeted molecular therapy has 

become an intense area of research in pancreatic cancer given the dismal results of targeting 

other common genetic events (e.g. K-ras mutation, erbB2 activation). Enthusiasm for this 

approach has been based on results obtained from pharmacologic inhibition of PI3K, the 

upstream activator of AKT (32, 36). Only recently were specific small molecule inhibitors 

of AKT developed in an attempt to avoid the toxicity of PI3K inhibitors (i.e. LY294002 or 

wortmannin). Yet the background identification of tumor or chemotherapy selection in 

pancreatic cancer has not been reported to provide the essential background for further 

preclinical development of AKT inhibitors. The results of the present study illustrate the 

variable expression and activity of AKT across a panel of pancreatic cancer cell lines, 

though basal level of activation could not be used to predict sensitivity to three diverse 

chemotherapeutic agents. Furthermore, exogenously increasing AKT activity did not 

uniformly confer resistance to chemotherapy-induced cell death, nor did inhibition of AKT 

activity uniformly sensitize cells to chemotherapy-induced cell death. Lastly, chemotherapy-

mediated activation of AKT was cell-specific, and may in part mediate the G2/M cell cycle 

arrest and subsequent cell death induced by paclitaxel.

The disparate results between the high-AKT (ie PANC-1) and low-AKT (ie MIA-PaCa-2) 

cell lines related to cellular effects of paclitaxel in combination with AKT inhibition warrant 

critical interpretation. In PANC-1, AKT inhibition increased basal and paclitaxel-mediated 

cell death while the reverse was observed in MIA-PaCa-2. These data would suggest that 

high levels of AKT activity may be a useful predictive marker for targeted AKT inhibition 

in combination with paclitaxel. However, broad application of AKT inhibitor therapy to 

those with low basal levels of activation may abrogate the effectiveness of other 

chemotherapies. Furthermore, it was also demonstrated that exogenous increase in activation 

of AKT in both PANC-1 and AsPC-1 increased paclitaxel-mediated cell death, while this 

same increase in AKT activation decreased paclitaxel-mediated cell death in MIA-PaCa-2. 

These observations may well be attributed to the mechanism of AKT activation in pancreatic 

cancer. Asano et al demonstrated silencing of the PTEN promoter contributed to AKT 

activation in MIA-PaCa-2, but not AsPC-1 or PANC-1 (37). Wendel et al. demonstrated that 

sensitivity to mTOR inhibition (one signaling event downstream of AKT) in lymphoma was 

best predicted by loss of PTEN (38). Thus, the sensitivity of MIA-PaCa-2 to AKT-mediated 

sensitization to paclitaxel may be explained by the observation that only this cell line has a 

defect in PTEN signaling. Other events responsible for activation of AKT in pancreatic 

cancer include K-ras mutational activation as well as erbB2 activation. Ihle et al. examined 

predictors of response to PI3K inhibitors in a variety of human tumor xenografts. Mutational 

activation of Ras, present in all cell lines that were examined, conferred resistance to PI3K 

inhibitors; mutation of PTEN or dependence of AKT activity on the activation of an 

upstream growth factor receptor conferred sensitivity to PI3K inhibitors (39). While EGF-R 

may be mutated or amplified in other cancers, these events are uncommon in pancreatic 

cancer (40, 41). It has previously been shown that activation of erbB2 contributes to 

increased AKT activity in MIA-PaCa-2 cells, though PANC-1 cells do not demonstrate 
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erbB2 activation (14). Therefore, these data suggest that rather than the basal level of AKT 

activation, the best predictive markers for targeted AKT inhibition to mediate 

chemosensitization in pancreatic cancer would appear to loss of PTEN or erbB2 activation.

In the development of targeted therapy in oncology, surrogate biomarkers of targeted 

inhibition are useful to demonstrate efficiency of kinase silencing as well as evaluation for 

ongoing response to therapy. While AKT inhibition decreases total p21Cip/Waf1 levels, this 

did not seem to correlate with AKT-mediated paclitaxel response. Instead, phosphorylated 

p21Cip/Waf1 appeared to be a more reliable marker of AKT inhibition and predicting 

response to paclitaxel-mediated cell death. However the clear coupling of this to the 

sensitizing effect of AKT inhibition in the setting of paclitaxel therapy is unclear. In ovarian 

cancer, Mitsuuschi et al. demonstrated that the phosphorylation of p21Cip/Waf1 following 

paclitaxel treatment was dependent on AKT, yet the cell death induced by paclitaxel 

proceeded independent of AKT (42). This is in contrast to the current data in PANC-1, 

where AKT inhibition prevented paclitaxel-mediated p21Cip/Waf1 phosphorylation, G2/M 

cell cycle arrest and cell death. These findings may possibly be explained by the 

pharmacokinetics of paclitaxel as Heliez et al. reported that low doses of paclitaxel (10 nM) 

trigger p21Cip/Waf1 phosphorylation but are ineffective at inducing G2/M arrest while higher 

doses (100 nM) are required to induce the G2/M arrest (43). So while not mechanistically 

involved, p21Cip/Waf1 phosphorylation may be sufficient as a surrogate marker of AKT 

inhibition in the setting of paclitaxel therapy.

In summary, the level of AKT activation is not likely to be useful in selecting individual 

pancreatic tumors for AKT inhibition in combination with chemotherapy nor is a specific 

chemotherapy likely to be more effective in combination with AKT inhibition. However, 

phosphorylation of p21Cip/Waf1 may be an appropriate surrogate biomarker for AKT 

inhibition and sensitization to paclitaxel-mediated cell death in pancreatic cancer. Further 

studies to identify whether loss of PTEN or alterations in erbB1/erbB2 are appropriate 

selection markers for AKT inhibition in pancreatic cancer seem to be justified.
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Figure 1. 
A) Western blot for basal levels of Akt and phospho-Akt in six pancreatic cancer cell lines 

with loading equivalency confirmed by immunoblotting for actin, B) FACS analysis 

following treatment with gemcitabine (100 µM), paclitaxel (100 nM) or carboplatin (270 

µM) for 24 hours in AsPC-1, MiaPaCa-2 and PANC-1 with measurement of the sub-G0 

peak is used as a marker of apoptosis, C) Induction of apoptosis following paclitaxel 

treatment (100 nM) over 48 hours in AsPC-1, PANC-1 and MIA-PaCa-2, D) Western blot 

following the indicated times of treatment following gemcitabine (100 µM), paclitaxel (100 
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nM) or carboplatin (270 µM) in MiaPaCa-2 cells for total Akt, phospho-Akt (pSer473) or 

actin to show for equivalency of loading, E) Western blot following the 6 hrs treatment with 

gemcitabine (100 µM), paclitaxel (100 nM) or carboplatin (270 µM) in MiaPaCa-2, PANC-1 

or AsPC-1 cells for total Akt or phospho-Akt (pSer473).
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Figure 2. 
A) Western blot illustrating a dose-dependent increase in phospho-Akt levels following 

transfection of myr-Akt in MiaPaCa-2 cells with effect on phosphorylation of downstream 

targets (GSK and IκBα) as well as, p21Cip/Waf1, B) Akt kinase assay following myr-Akt 

transfection in MIA-PaCa-2 cells demonstrates increasing phosphorylation of the target 

protein GSK with immunoblotting demonstrating a corresponding increase in phospho-Akt 

expression, C) Apoptotic fraction of AsPC-1 or MIA-PaCa-2 cells following treatment with 

paclitaxel (100 nM, 24 hrs) in the absence or presence of myr-Akt transfection, D) Time 
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course of cell cycle fractions of MIA-PaCa-2 without (left) or with (right) myr-Akt 

following the indicated times of treatment with paclitaxel (100 nM), E) Akt kinase assay 

following myr-Akt transfection in PANC-1 cells demonstrates increasing phosphorylation of 

the target protein GSK with immunoblotting demonstrating a corresponding increase in 

phospho-Akt expression, F) Apoptotic fraction of PANC-1 cells following treatment with 

paclitaxel (100 nM, 24) over time in the absence or presence of myr-Akt transfection.
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Figure 3. 
A) Akt siRNA mediated knockdown of Akt/ with effect on phosphorylated Akt (pSer473) or 

actin to show for equivalency of loading in PANC-1. Controls include a mock transfection 

(C) and nonspecific scramble siRNA (scr), B) FACS analysis of PANC-1 in the absence or 

presence of Akt siRNA transfection and subsequent treatment with paclitaxel or gemcitabine 

(apoptotic fraction is denoted), C) Caspase-3 activation of PANC-1 in the absence or 

presence of Akt siRNA transfection and subsequent treatment with paclitaxel, D) Akt kinase 

assay following various doses of treatment with A-443654 in PANC-1 cells demonstrates 
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decreased phosphorylation of the target protein GSK, E) Cell cycle fractions of PANC-1 

cells at baseline or following paclitaxel treatment (100 nM, 24 hrs) in the absence or 

presence of A-443654.
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Figure 4. 
A) Akt kinase assay following various doses of treatment with A-443654 in MIA-PaCa-2 

cells demonstrates decreased phosphorylation of the target protein GSK, B) FACS analysis 

of MIA-PaCa-2 after the indicated times of treatment with paclitaxel (100 nM) in the 

absence or presence of the Akt inhibitor A-443654 (30 nM), C) Akt kinase assay following 

various times of treatment with A-443654 (continuous treatment on left; one hour treatment 

and media change on right) demonstrate mild recovery of Akt activity after 1 hr of Akt 

inhibition, D) FACS analysis of MIA-PaCa-2 cells in the absence (left) or presence (right) of 
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the Akt inhibitor (30 nM) for 1 hour and then ongoing paclitaxel treatment (100 nM) with 

apoptotic fraction noted, E) Immunofluorescence for p21Cip/Waf1 and phospho-p21Cip/Waf1 

in MIA-PaCa-2 cells following paclitaxel therapy in the absence (middle panel) or presence 

of Akt siRNa (bottom panel)
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Table 1

Summary of Akt and chemotherapy response

Basal AKT
activation

AKT response
to paclitaxel

Paclitaxel
response
following AKT
activation (myr-
AKT
transfection)

Paclitaxel
response
following AKT
inhibition
(siRNA or A-
443654)

AsPC-1 Low No change ↓G2/M
↑cell death

MIA-PaCa-2 Moderate Dramatic activation ↑G2/M
↓cell death

↓G2/M
↓cell death

PANC-1 High No change ↑cell death ↓G2/M
↑cell death
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