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Abstract

Akt1 is essential for the oncogenic transformation and tumor growth in various cancers. However, 

the precise role of Akt1 in advanced cancers is conflicting. Using a neuroendocrine TRansgenic 

Adenocarcinoma of the Mouse Prostate (TRAMP) model, we first show that the genetic ablation 

or pharmacological inhibition of Akt1 in mice blunts oncogenic transformation and prostate 

cancer (PCa) growth. Intriguingly, triciribine (TCBN)-mediated Akt inhibition in 25-week old, 

tumor-bearing TRAMP mice and Akt1 gene silencing in aggressive PCa cells enhanced epithelial 

to mesenchymal transition (EMT) and promoted metastasis to the lungs. Mechanistically, Akt1 

suppression leads to increased expression of EMT markers such as Snail1 and N-cadherin and 

decreased expression of epithelial marker E-cadherin in TRAMP prostate, and in PC3 and DU145 

cells. Next, we identified that Akt1 knockdown in PCa cells results in increased production of 

TGFβ1 and its receptor TGFβ RII, associated with a decreased expression of β-catenin. 

Furthermore, treatment of PCa cells with ICG001 that blocks nuclear translocation of β-catenin 

promoted EMT and N-cadherin expression. Together, our study demonstrates a novel role of the 

Akt1-β-catenin-TGFβ1 pathway in advanced PCa.
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1. Introduction

Despite the early screening methods and hormone ablation therapies, prostate cancer (PCa) 

still remains the second leading cause of cancer-related mortality[1] in men in the western 

countries due to a higher incidence of metastasis[2]. PCa develops from a prostatic 

intraepithelial neoplasia (PIN) that eventually progresses towards invasive carcinoma[3]. 

The underlying mechanisms that determine the switch from normal to neoplastic and further 

to motile, invasive and metastatic cancer cells remain unclear.

Transforming growth factor β (TGFβ) isoforms[4] are among the best-characterized stimuli 

for phenotypic switching of a variety of cells such as myofibroblast differentiation[5–7], 

endothelial-to-mesenchymal transition (EndMT)[8] and epithelial-to-mesenchymal 

transition (EMT)[9]. Although a tumor suppressor early on[10, 11], prolonged stimulation 

by TGFβ induces EMT, shuns the tumor suppressive role, and promotes cancer invasion and 

metastasis[12, 13]. Although TGFβ1 induces apoptosis in prostate and bladder cancer cells 

via activation of P38 MAP kinase and JNK pathways[14], it induces PCa cell EMT via 

activation of Rac1 and P21 activated kinase-1 pathway[15, 16]. Thus, TGFβ1 is one of the 

first candidates known to engage in a dual, reciprocal role in the early and advanced cancers.

Akt (protein kinase B), a 3-gene family of serine-threonine kinase[17, 18] promotes 

oncogenic transformation[19] and tumor growth[20], including PCa[21–24]. Akt has also 

been implicated in the regulation of AR signaling to promote prostate tumor growth, where 

in PTEN+/− mice, AR was observed to be present both in the cytoplasm and the nucleus, in 

PTEN+/−/Akt1−/− mice, AR was only localized in the nucleus [25]. However, the precise role 

of Akt in advanced cancer is not clear. We have reported that Akt1−/− mice exhibit increased 

vascular leakage and angiogenesis in response to vascular endothelial growth factor (VEGF) 

and melanoma xenografts[26]. Endothelial Akt1−/− mice exhibit vascular leakage via 

suppression of tight-junction claudins[27]. Similarly, overexpression of MyrAkt1 (active) in 

the prostate[28] and Akt activation in PTEN−/− mice[29, 30] although developed PIN, it did 

not progress to metastasis. Akt1 overexpression did not enhance breast cancer metastasis in 

P53−/− mice[31–33]. In a TP53R270H mouse model of prostate cancer, although the 

development of PIN was associated with increased Akt activation, invasive tumors indicated 

reduced Akt activation, suggesting that ‘Akt de-addiction’ may be necessary for attaining 

invasive ability[34]. Very recently, Akt1−/−/Akt2−/− mice exhibited enhanced growth and 

metastasis in a drug-induced liver cancer model[35]. Thus, the increasing number of recent 

evidence suggests a context specific, the dual function of Akt in the early and advanced 

cancers.

In the current study, we compared the effects of early and late suppression of Akt on PCa 

growth and metastasis. In our study, Akt1−/− in TRansgenic Adenocarcinoma of the Mouse 

Prostate (TRAMP/Akt1−/−) mice blunted oncogenic transformation, PIN, PCa and 

metastasis as compared to TRAMP/Akt1+/+ mice. Interestingly, despite the delayed PIN and 

reduced PCa growth in heterozygous TRAMP/Akt1+/− mice, metastasis in these mice were 

similar to the TRAMP/Akt1+/+ mice. Furthermore, pharmacological inhibition of Akt in 

advanced PCa bearing TRAMP/Akt1+/+ mice or Akt1 gene silencing in aggressive human 

PCa cell lines promoted EMT and lung metastasis via decreased expression of β-catenin and 
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activation of the TGFβ1 pathway. Our study identifies Akt1-β-catenin signaling as a novel 

mechanism with dual, reciprocal role in the early and advanced PCa.

2. Materials and Methods

2.1. Generation and genotyping of TRAMP/Akt1+/− and TRAMP/Akt1−/− Mice

Akt1−/−mice (C57BL/6 background) were generated and maintained as reported 

previously[26]. In order to generate TRAMP/Akt1−/− transgenic mice, C57BL/6 Akt1+/− 

male was crossed with TRAMP (C57BL/6 background) female mice (Jackson, Bar Harbor, 

ME). All experiments were carried out in accordance with guidelines set by VA Medical 

Center in Augusta. DNA was extracted from the tails of 10- to 21-day old litters (Qiagen, 

Valencia, CA). TRAMP transgene (600bp) was detected by PCR (forward: 5′-

GCGCTGCTGACTTTCTAAACATAAG-3′ and reverse: 5′-

GAGCTCACGTTAAGTTTTGATGTGT-3′) with an annealing temperature of 55°C. The 

internal positive control (forward: 5′-CTAGGCCACAGAATTGAAAGATCT-3′ and 

reverse: 5′-GTAGGTGGAAATTCAGCATCATCC-3′) produced a 324bp fragment. Primers 

to confirm Akt1 gene knockout (forward: 5′-

TCCAGGACCAGGGGAGGATGTTTCTACTG-3′ and reverse: 5′-

ACGACATGGTGCAGCAATGGCCAGCG-3′) yielded a 600bp band. Primers for Neo gene 

(forward: 5′-TGAGACGTGCTACTTCCATTTGTCACGTCC-3′ and reverse: 5′-

ACAGGCCGCTACTATGCCATGAAGATCCTC-3′) generated a 1200bp fragment 

(Supplemental Figure 1).

2.2. Cell lines, reagents, and antibodies

Human PC3 and DU145 cells were obtained from ATCC (Manassas, VA). Cells were 

maintained in DMEM high glucose medium (Hyclone, Logan, UT) with 10% FBS (Atlanta 

Biologicals, GA), 100 U/ml penicillin, and 100 μg/ml streptomycin in a humidified 

incubator at 37°C and 5% CO2, and routinely passaged when 80–90% confluent. Antibodies 

for pβ-catenin, β-catenin, E-cadherin, and N-cadherin were purchased from Cell Signaling 

(Danvers, MA). Anti-TGFβ-RII was purchased from Abcam (Cambridge, MA). Anti-β-actin 

was purchased from Sigma (St. Louis, MO). Compound inhibitors such as TCBN, ICG001, 

IWR-1, LY2109761, SB431542 and SB415286 were purchased from Selleckchem (Houston, 

TX).

2.3. ShRNA-mediated gene silencing and generation of stably silenced PCa cells

Human PC3 and DU145 cells were transfected with SMARTvector 2.0 Lentivirus ShAkt1 or 

non-targeting ShControl particles (GE Dharmacon, Lafayette, CO). Lentiviral infections 

were performed in 6 well plates. Lentiviral particles were mixed with 1ml SFM4 

Transfx-293 (GE Hyclone, Lafayette, CO) solution and applied to PC3 and DU145 cells 

with 10 μg polybrene (American bioanalytical, MA). After 16 hours, the medium was 

replaced with complete EBM-2. After 3 days, GFP was detected using confocal imaging 

microscope (LSM510, Carl Zeiss, Germany). Stable silencing of Akt1 as compared to 

ShControl cells was achieved by puromycin selection (8 μg/ml, Thermo, Grand Island, NY). 

Post selection, cells were maintained in complete DMEM high glucose medium with 0.6 

μg/ml puromycin.
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2.4. Immunohistochemistry and staining of tissue sections

Mice were perfused with 4% paraformaldehyde in PBS prior to tissue collection. Prostate, 

kidney, lung and liver tissues were post-fixed and embedded either in paraffin or frozen 

blocks. Tissues were sliced (10 μm) for immunohistochemistry, H&E and Ki67 staining 

(Abcam, Cambridge, MA) followed by DAB staining (Thermo, Grand Island, NY). For 

immunostaining, frozen sections were washed with PBS, followed by incubation with 1% 

triton X-100 for 15min for permeabilization. Sections were blocked in 5% BSA in TBS for 

30min followed by incubation with primary antibodies (Abcam, 1: 100 dilutions) overnight. 

Slides were washed with chilled PBS and incubated for another hour with Alexa Flour 

secondary antibodies at room temperature (Thermo, Grand Island, NY). After washing 

slides were mounted with Vectashield containing DAPI (Vector Laboratories, Burlingame, 

CA). Slides were viewed under the confocal imaging microscope (LSM510, Carl Zeiss, 

Germany).

2.5. Western blot analysis

Western blotting was performed as described previously[27] and protein concentration was 

determined by a Bradford protein assay kit (Bio-Rad, Hercules, USA). Samples were 

separated on 8–12 % SDS-PAGE gels, and then transferred onto PVDF membrane. Blotted 

membranes were blocked with 5 % milk or BSA for 30 minutes, followed by incubation 

with primary antibodies (1:1000 dilution) and with HRP-conjugated secondary antibodies 

(1: 5000, Abcam, Cambridge, MA). The proteins were visualized with ECL reagent 

(Thermo, Grand Island, NY).

2.6. qReal-Time PCR arrays

Twenty five-week-old TRAMP/Akt1−/− and TRAMP/Akt1+/+ mice were treated with 10 

mg/kg TCBN for 6 weeks, prostates were collected at 31 weeks and subjected to quantitative 

Real-Time PCR arrays. Briefly, tissues were lysed and RNA was isolated using RNeasy 

Mini Plus Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol. Next cDNA 

was generated using RT2 First Strand Kit (SA Biosciences, Frederick, MD), mixed with 

qPCR SyberGreen master mix and loaded into Mouse PCa RT2 Profiler PCR Array plate 

(SA Biosciences, Frederick, MD). Reading was performed in Eppendorf Mastercycler 

realplex-2 equipment (Eppendorf, Hauppauge, NY).

2.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) 
assay

The TUNEL assay for the in situ detection of apoptosis in frozen sections was performed 

using the ApopTag® green In Situ apoptosis detection kit (Millipore, Billerica, MA) as 

described before[27].

2.8. Mouse model of experimental lung metastasis

Ten-week-old athymic nude mice (Harlan, Indianapolis, IN) were divided into two groups 

for the administration of PC3 cells expressing control and Akt1 ShRNA. Cells (0.5×106) 

suspended in sterile normal saline were administered (i.v.) to each group of mice separately 

via the tail vein. In all the experiments, mice were evaluated for the presence of metastases 3 
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days and 2 weeks after PC3 cell administration. PC3 cell metastasis to the lungs cells was 

detected using IRDye 800CW 2-DG optical probe injected to the mice (i.v.) 24 hours prior 

to imaging. This fluorescent reagent has been shown to be up-taken predominantly by the 

tumor cells in vivo[36]. The signals of IRDye 800CW 2-DG were collected by Pearl impulse 

imaging system (LiCOR Inc. Lincoln, NE) 24 hours after injection. To avoid a high 

background noise in the signal, we performed imaging of the organs directly. In addition to 

the imaging, analysis of lung, liver and kidney metastasis was performed using 

immunohistochemistry and fluorescence imaging.

2.9. Statistical Analysis

All the data are presented as mean ± SD and were calculated from multiple independent 

experiments performed in quadruplicates. For normalized data analysis, data was confirmed 

that normality assumption was satisfied and analyzed using paired sample t-test (dependent 

t-test) and/or further confirmed with non-parametric test Wilcoxon signed rank test. For all 

other analyses, Student’s two-tailed t-test or ANOVA test were used to determine significant 

differences between treatment and control values using the GraphPad Prism 4.03 software 

and SPSS 17.0 software. Data with P<0.05 were considered significant.

3. Results

3.1. Akt1 deficiency abrogates oncogenic transformation in TRAMP mouse prostate

TRAMP is an autochthonous mouse model that develops PCa in defined stages during 

growth that mimics the initiation of human disease and any hormonal or chemical 

treatment[37, 38]. TRAMP develop PIN at 12 weeks, PCa at 24 weeks, and metastasis to the 

lung and liver at 31 weeks of age[37, 39]. In our study, we found the same pattern with 

tumor sizes smaller in TRAMP/Akt1+/− mice as compared to TRAMP/Akt1+/+ mice. 

Interestingly, neither PIN nor tumors were developed in the TRAMP/Akt1−/− mice even 

until 31 weeks (Figure 1A–B and Supplemental Figure 2). Whereas TRAMP/Akt1+/+ mice 

developed prostate tumors by 24 weeks, prostate weight was significantly lesser in TRAMP/
Akt1+/− mice, and no tumors developed in TRAMP/Akt1−/− mice at 24 and 31 weeks 

(Figure 1C). Overall, Akt1 gene ablation prevented oncogenic transformation and tumor 

development in TRAMP mice.

3.2. Akt1 loss in TRAMP prostate promotes apoptosis, suppresses proliferation, and 
increases lifespan

Since Akt promotes cell survival[18], we assumed TRAMP/Akt1−/−prostates will have 

increased apoptosis. TRAMP/Akt1+/+, TRAMP/Akt1+/− and TRAMP/Akt1−/−prostates were 

collected at 12 (PIN stage) and 31 weeks (advanced tumor stage) and the sections were 

subjected to TUNEL and Ki67 staining. At both 12 and 31 weeks, TUNEL positive cells 

were significantly higher and Ki67 positive cells were significantly lower in TRAMP/
Akt1−/−prostates compared to TRAMP/Akt1+/+ and TRAMP/Akt1+/− prostates (Figure 2A–

C). A significant increase in the levels of pro-apoptotic cleaved caspase-3 and cleaved p18 

and p43/48 caspase-8 in TRAMP/Akt1−/−prostates compared to TRAMP/Akt1+/+ and 

TRAMP/Akt1+/− prostates were observed (Figure 2D–E).

Gao et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2018 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.3. Late suppression of Akt activity in advanced PCa in TRAMP mice promotes metastasis

A Kaplan-Meier plot based on a 400 day follow up on these mice showed no loss of life in 

any TRAMP/Akt1−/−mice during this period (Figure 3A). All of the TRAMP/Akt1+/+ mice 

died between days 200 and 350 (28–50 weeks), a period of advanced PCa growth and 

metastasis in TRAMP mice. Surprisingly, median survival time was 216 days for TRAMP/
Akt1+/+mice and 228 days for TRAMP/Akt1+/− mice indicating that partial loss of Akt1 

does not improve the life expectancy (Figure 3A). Our analysis of serial sections of mouse 

prostate revealed that almost all of the TRAMP/Akt1+/+ and TRAMP/Akt1+/− mice 

developed metastasis to the lungs, liver, and kidneys (Figure 3B). In contrast, none of the 

TRAMP/Akt1−/−mice showed signs of metastasis in any of the tissues (Figure 3B), 

indicating that partial Akt1 suppression promotes PCa metastasis in TRAMP mice, despite 

delayed PIN and tumor growth.

In order to determine the role of Akt in the advanced stages of PCa, we treated 25-week old 

TRAMP mice with Akt inhibitor TCBN for 6 weeks. At 31 weeks, prostate, lungs, liver, and 

kidneys were collected from 6-week TCBN treated TRAMP mice, and were subjected to 

immunohistochemistry. Our analysis showed that 6-week treatment with TCBN only had a 

modest effect on tumor growth as compared to the dramatic effect of Akt1 suppression 

during the early stages of prostate tumor growth in TRAMP mice (Figure 3C). Surprisingly, 

TCBN treated TRAMP mice exhibited enhanced metastasis of PCa cells into the liver and 

lungs compared to DMSO treated control mice (Figure 3D–F). A 4-fold increase in the 

number of metastatic colonies was found in TCBN-treated mouse lungs compared to 

DMSO-treated controls, thus demonstrating that late Akt suppression during the advanced 

stages of PCa promotes metastasis to the lungs and liver.

3.4. Silencing of Akt1 gene expression in human PCa (PC3) cells promotes metastasis to 
the lungs

To determine the clinical relevance of our results from the TRAMP mice on the role of Akt 

in PCa metastasis, we sought to confirm our findings in human PCa cell line. In order to do 

that, we generated control (ShControl) and Akt1 deficient (ShAkt1) PC3 cell lines using 

ShRNA-mediated stable silencing of Akt1 through lentiviral infection, followed by 

antibiotic selection. Athymic nude mice intravenously administered with ShAkt1 PC3 cells 

exhibited increased presence of metastasized PCa colonies in the lungs and liver on day 3 

after administration, as compared to the mice administered with ShControl PC3 cells (Figure 

4A–C). Interestingly, 2 weeks after the administration of ShAkt1 PC3 cells in athymic nude 

mice, we observed an 8-fold increase in the presence of metastasized PCa colonies in the 

lungs compared to ShControl PC3 cells (Figure 4D–E). Such a difference, however, was not 

observed in liver metastasis (Figure 4E).

Analysis of lung tissues 3 days after the administration of PCa cells indicated that mice 

administered with ShAkt1 PC3 cells had a higher number of PCa cells in the lungs 

compared to the mice administered with ShControl PC3 cells (Figure 5A, B, and F). This 

difference was even higher in lungs collected 2 weeks after administration (Figure 5C, D, 

and F), with ShAkt1 PC3 cells showing 40% higher rate of metastasis compared to 

ShControl cell administered mice (Figure 5H). However, a significant difference between 
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ShControl and ShAkt1 PC3 cells on liver metastasis was not observed (Figure 5E–H). 

Altogether, these results convincingly demonstrate that Akt suppression or Akt1 gene 

ablation in advanced PCa promotes metastasis.

3.5. Akt inhibition in TRAMP mice and Akt1 loss in human PCa cells promote EMT

When EMT is initiated in cancer, loss of polarity and altered communication with the 

extracellular matrix (ECM) result in invasion and metastasis [40]. In order to determine 

whether EMT has contributed to enhanced metastasis with Akt suppression in advanced 

PCa, we examined changes in the expression of epithelial and mesenchymal markers. Our 

qPCR gene array analysis of TRAMP prostate treated with DMSO and TCBN indicated a 

significant increase in EMT markers such as Goosecoid homeobox, matrix 

metalloproteases-3 and -9 (MMP3/9), Snail1, SOX-10, BMP7, Nodal, GSK3β, and N-

cadherin etc. (Figure 6A; Supplemental Figure 3). Further, Western blot analysis of prostate 

tissues confirmed an increase in the expression of mesenchymal markers N-cadherin and 

Snail1 associated with a decrease in the expression of epithelial marker E-cadherin in TCBN 

treated TRAMP prostate compared to DMSO treated control prostate (Figure 6B–C). 

Similarly, Akt1 gene silencing in PC3 and DU145 cells resulted in significant increase in the 

expression of mesenchymal marker N-cadherin (Figure 6D–F). Although the expression of 

epithelial marker E-cadherin was below detectable levels in ShControl and ShAkt1 PC3 

cells, we observed a dramatic decrease, almost a total loss of E-cadherin expression in 

ShAkt1 DU145 cells compared to ShControl DU145 cells (Figure 6D–F), indicating 

promotion of EMT upon suppression of Akt(1) activity in advanced PCa cells.

3.6. PCa cell EMT as result of Akt1 suppression is dependent on the activation of 
TGFβ1signaling and transcriptional suppression of β-catenin

Since TGFβ is a major promoter of EMT in many cancer cells, we wanted to determine the 

changes in the activation of TGFβ pathway with Akt1 gene silencing. Western blot analysis 

of ShControl and ShAkt1 PC3 and DU145 cells revealed increased expression of TGFβ1 

and its receptor TGFβ-RII in ShAkt1 PC3 and DU145 cells as compared to their respective 

ShControl cells (Figure 7A–B). Since we observed a near to total loss of E-cadherin in 

ShAkt1 DU145 cells, we next determined if inhibition of TGFβ pathway could reverse the 

E-cadherin loss in ShAkt1 DU145 cells. Intriguingly, treatment with TGFβ-R inhibitors 

LY2109761 and SB431542 reversed the loss of E-cadherin in ShAkt1 DU145 cells (Figure 

7C–D), thus indicating that TGFβ1-mediated pathway is activated in PCa cells upon Akt1 

gene silencing.

In order to further determine the candidate downstream of Akt1 loss that is responsible for 

the activation of the TGFβ1 pathway in PCa cells, we looked at the activity status of GSK-3/

β-catenin signaling. Our analysis suggested that, in addition to Akt1 and TGFβ, β-catenin 

may also be playing a dual role during the early and later stages of PCa progression. Our 

initial analysis indicated a decrease in the expression of phosphorylated and total β-catenin 

levels in ShAkt1 PC3 and DU145 cells compared to their respective ShControl cells (Figure 

8A–B). Interestingly, loss of phosphorylated β-catenin was modestly but significantly 

reversed upon treatment with β-catenin transcription inhibitor ICG001 (Figure 8C–D). 

Similarly, treatment with β-catenin transcription inhibitors ICG001 and IWR-1 also resulted 
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in increased expression of mesenchymal marker N-cadherin in both PC3 and DU145 cells 

(Figure 8E–F). Furthermore, our results indicated a significant increase in N-cadherin 

expression in DU145 cells upon treatment with TGFβ1, which was reversible upon co-

treatment with TGFβ-R inhibitors (Figure 8G–H). Interestingly, treatment of DU145 cells 

with ICG001 resulted in increased N-cadherin expression comparable to the level of TGFβ1-

induced N-cadherin expression (Figure 8G–H), thus indicating that suppression of β-catenin 

transcriptional activity downstream of Akt1 inhibition leads to EMT and promotion of 

metastasis in advanced PCa cells.

4. Discussion

Epithelial cells, in their normal state, enable characteristic cobblestone shape, basolateral 

cell polarity and cell-cell contacts via their adherens- and tight-junctions[41]. These cell-

junctions are kept intact and the contact-dependent inhibition of proliferation is assured 

through the expression of several specific markers such as E-cadherin, β-catenin, claudins 

etc[42]. Tumor suppressor proteins such as p53 help to maintain epithelial cell polarity 

through the protection of epithelial-barrier[43]. Cellular mutations disrupt epithelial-barrier 

and compromise the basolateral cell polarity, thus promoting asymmetric cell division and 

oncogenic transformation leading to tumor initiation and growth[44]. These initiated tumor 

cells further undergo cellular transformations to attain invasive phenotype by shedding 

epithelial markers such as E-cadherins and keratins, and by gaining de novo mesenchymal 

markers such as N-cadherin, vimentin, snail1 etc[35]. This process known as EMT imparts 

the initiated cancer cells a spindle-shaped, motile and invasive mesenchymal phenotype that 

are a pre-requisite for cancer metastasis.

The mechanisms regulating EMT in cancer are not well characterized. While most early 

stage tumor cells maintain some epithelial characteristics, a few develop quasi-mesenchymal 

features expressing both epithelial and mesenchymal markers[35]. A total switch to 

mesenchymal phenotype is not achieved even when these cancer cells have attained 

aggressive features[45]. Thus, epithelial tumors consist of a heterogeneous population of 

cancer cells with the multifarious potential to proliferate, migrate, invade and 

metastasize[46]. This heterogeneity occurs due to the constant evolution of cancer cells to 

resist and survive in an offensive tumor microenvironment, where the same stromal cells that 

fight to limit early tumor expansion are modified by the cancer cells to their benefit in 

advanced stages[47, 48]. The step-wise phenotypic switching of early tumor cells to more 

aggressive ones is ensured by various tumor-derived growth factors, changes in the 

expression of cell surface proteins, and activity modulation of several intracellular signaling 

pathways[46, 49, 50].

In addition to the basic cellular functions of Akt, an important aspect that we, as the Akt-

centric researchers have noticed is its dual nature during the early and late stages of 

pathologies. Whereas Akt promotes VEGF-induced endothelial cell activation, 

Akt1−/−endothelial cells exhibit enhanced vascular permeability[18, 26]. Although Akt1−/− 

cardiomyocytes exhibit apoptosis following ischemia, Akt1 loss in the later stages improves 

function[51] by inhibiting fibrosis[5, 52, 53] and oxidative stress[54]. In cancer, although 

Akt promotes PCa[21–24, 55], whether or not Akt is a determinant factor in making the 
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switch from early to aggressive PCa is not known. Interestingly, recent studies in various 

cancers suggest otherwise. First in vitro evidence on reduced invasive migration of breast 

cancer cells with Akt1 suppression came from Alex Toker’s laboratory[56, 57]. Akt1 

inhibition also promoted tuberous sclerosis complex-2 (TSC-2) activation leading to breast 

cancer invasion in vitro[58] and was predictive of decreased time to metastasize in patients. 

Following this, Tsichlis laboratory reported that Akt1 knockdown in aggressive breast 

cancer cells results in reduced miRNA200 expression promoting EMT[59] and active Akt1 

overexpression did not enhance breast cancer metastasis in P53−/− mice[31–33]. The only 

report on the effect of Akt1/Akt2 knockout in augmenting drug-induced liver cancer in vivo 
came very recently from Nissim Hay’s laboratory[35]. Despite these controversial reports, 

TCBN, an Akt inhibitor[60, 61] is currently in phase III clinical trials.

Similar to PTEN/Akt1−/− mice[25], we observed no occurrence of PCa metastasis in 

TRAMP/Akt1−/− mice. However, these models pose a serious question that when PTEN/
Akt1−/−and TRAMP/Akt1−/− mice do not develop prostate tumors, how is the incidence of 

metastasis even possible? As in the case of PCa patients, where treatment is not possible 

until a tumor is detected, a clinically relevant model to test the efficacy of targeting a 

molecule for advanced PCa is the one that allows treatment once after the tumor is 

developed. Thus, our results from 31-week old prostate tumor bearing TRAMP mice treated 

with triciribine indicated that targeting Akt in advanced PCa can worsen the outcome by 

promoting EMT and enhancing metastasis.

We demonstrated that GSK-3α and GSK-3β elicit isoform-specific effects on PCa cells, and 

that GSK-3β is directly involved in the regulation of PCa cell invasion involving 

internalization of β-catenin[62]. Isoform-specific GSK-3 localization is also reported in 

early vs advanced PCa patient samples[63]. Similar to TGFβ and Akt, reports on the role of 

β-catenin in advanced cancers have also been conflicting[64, 65]. Whereas β-catenin 

promotes early PCa growth via associating with androgen receptor signaling[66], advanced 

PCa tissues with a history of metastasis have indicated lower nuclear β-catenin[67]. The 

decrease in E-cadherin and α-β-γ-catenins has also been reported in breast[68] and PCa 

metastasis[69]. Interestingly, agents such as mirtazapine that effectively limit human cancer 

metastasis correlated with increased β-catenin levels[70]. In contrast, there are also studies 

indicating metastasis-promoting effects of β-catenin activation[71, 72]. While these 

discrepancies may be due to the existence of two different pools of β-catenin in PCa cells in 

the barrier-junctions and Wnt complex[65], our results on the effect of TGFβ-R inhibitors 

and compounds that directly block the nuclear localization of β-catenin demonstrate that 

suppression of β-catenin expression and elevated levels of active TGFβ1 in Akt1−/− PCa 

cells promote EMT and metastasis.

In conclusion, we report for the first time that although Akt1 is essential for the oncogenic 

transformation and PCa growth, Akt1 suppression in advanced PCa promotes EMT and 

metastasis in vivo, via increased expression of Snail1, Sox-10, Goosecoid and N-cadherin, 

activation of TGFβ1, and suppression of E-cadherin and β-catenin expressions. Although 

targeting TGFβ pathway is a viable option for the treatment of metastatic PCa, our study 

points out the need for further confirmation of Akt1 inhibitors such as triciribine and β-

catenin inhibitors such as ICG001 for utilizing in the treatment of metastatic PCa.
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HIGHLIGHTS

• Akt1 deficiency blunts oncogenic transformation and prostate cancer growth

• Akt1 inhibition in advanced prostate cancer promote metastasis

• Akt1 loss in advanced prostate cancer promote epithelial-to-mesenchymal 

transition

• Akt1 suppression in advanced prostate cancer suppress β-catenin expression

• β-catenin inhibition in PC3 and DU145 cells promote mesenchymal transition
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Figure 1. Akt1 deficiency blunts oncogenic transformation in TRAMP mouse prostate
(A) Representative images of 31 week old prostate tissues isolated from TRAMP/Akt1+/+, 

TRAMP/Akt1+/−, TRAMP/Akt1−/− mice showing significant tumor growth in TRAMP/
Akt1+/+prostate, significant reduction in tumor size in TRAMP/Akt1+/−, and no signs of a 

tumor in TRAMP/Akt1−/− prostate (n=9). (B) Representative images of TRAMP/Akt1+/+, 

TRAMP/Akt1+/−, TRAMP/Akt1−/− mice prostate tissue sections showing development of 

PIN in TRAMP/Akt1+/+ mice prostates, and the absence of PIN in TRAMP/Akt1−/− and 

TRAMP/Akt1+/− mice prostates at 12 weeks of age. Also shown is the presence of high 

glandular proliferation of the tumor in TRAMP/Akt1+/+ mice prostates, moderate glandular 

proliferation of the tumor in TRAMP/Akt1+/− mice prostates, and no glandular proliferation 

of the tumor in TRAMP/Akt1−/− mice prostates at 24 weeks of age (n=6). (C) Bar graphs 

showing average weight of TRAMP/Akt1+/+, TRAMP/Akt1+/−, TRAMP/Akt1−/− mice 

prostates at 12, 24 and 31 weeks of age (n=9). Data presented as Mean ± SD; *P < 0.05.
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Figure 2. Akt1 deficiency increases apoptosis and inhibits proliferation in TRAMP mouse 
prostate
(A) Representative images of 12 and 31 week old prostate tissue sections from TRAMP/
Akt1+/+, TRAMP/Akt1+/−, TRAMP/Akt1−/− mice showing TUNEL and Ki67 staining 

(n=6). (B) Bar graphs showing quantification of the TUNEL positive cells in 12 and 31 week 

old TRAMP/Akt1−/− and TRAMP/Akt1+/− mice prostates compared to TRAMP/Akt1+/+ 

(n=6). (C) Bar graphs showing the number of Ki67 positive cells in 12 and 31 week old 

TRAMP/Akt1−/− and TRAMP/Akt1+/− mice prostates compared to TRAMP/Akt1+/+ (n=6). 

(D) Representative Western blot images and (E) bar graphs showing expression levels of 

Akt1, cleaved caspase-3, cleaved caspase-8 and β-actin in 31 week old TRAMP/Akt1+/+, 

TRAMP/Akt1+/−, TRAMP/Akt1−/− mice prostate tissue lysates (n=4). Data presented as 

Mean ± SD; *P < 0.05.
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Figure 3. Pharmacological inhibition of Akt in 25 week old tumor bearing TRAMP mice 
promotes prostate cancer metastasis to the lungs
(A) Kaplan-Meier plot showing increased lifespan of TRAMP/Akt1−/− mice compared to 

TRAMP/Akt1+/+and TRAMP/Akt1+/− mice (n=12). (B) Representative images of 31 week 

old kidney, lung and liver tissues isolated from TRAMP/Akt1+/+ mice showing metastatic 

tumor nodules. Table below indicate total absence of metastatic prostate cancer colonies in 

either the kidney, lung, and liver in TRAMP/Akt1−/− mice, and relatively the same number 

of metastatic prostate cancer colonies in the kidney, lung, and liver of the TRAMP/
Akt1+/+and TRAMP/Akt1+/− mice (n=9). (C) Bar graph showing the weight of 31 week old 

TRAMP/Akt1+/+ prostate tumor treated for 6 weeks with DMSO (control) or Akt inhibitor 

Gao et al. Page 18

Cancer Lett. Author manuscript; available in PMC 2018 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1mg/kg/day TCBN) (n=6). (D) Representative images of 31 week old TRAMP/Akt1+/+ 

mice viscera showing metastatic coloies in the livers treated with 1mg/kg/day TCBN for 6 

weeks, compared to DMSO controls TCBN (n=6). (E) Representative images of 31 week 

old TRAMP/Akt1+/+ mice lung sections 6 weeks after treatment with DMSO or 1mg/kg/day 

TCBN (n=6). (F) Bar graph showing significantly higher number of prostate cancer colonies 

in 6 week TCBN-treated TRAMP/Akt1+/+ mice lung sections compared to DMSO-treated 

controls (n=6). Data presented as Mean ± SD; *P < 0.05.
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Figure 4. Akt1 loss in human PC3 prostate cancer cells promotes lung metastasis
(A) Representative images of IRDye 800CW 2-deoxy glucose loaded lungs and (B) livers 

from athymic nude mice pre-administered (via tail-vein; 3 days ago) with Control ShRNA 

(Control) or Akt1 ShRNA (ShAkt1) expressing human PC3 cells. (C) Bar graph showing the 

quantified fluorescent intensity of uptaken IRDye 800CW 2-deoxy glucose by the lungs and 

liver in athymic nude mice pre-administered with ShControl or ShAkt1 expressing human 

PC3 cells (n=8). (D) Representative images of IRDye 800CW 2-deoxy glucose loaded lungs 

from athymic nude mice pre-administered (via tail-vein; 2 weeks ago) with ShControl or 

ShAkt1 expressing human PC3 cells. (E) Bar graph showing the quantified fluorescent 
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intensity of uptaken IRDye 800CW 2-deoxy glucose by the lungs and liver in athymic nude 

mice pre-administered (via tail-vein; 2 weeks ago) with ShControl or ShAkt1 expressing 

human PC3 cells (n=8). Data presented as Mean ± SD; *P < 0.05.
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Figure 5. Increased metastasis and lung colonization by Akt1 knockdown PC3 cells compared to 
control PC3 cells in vivo
(A) Representative images of H&E stained lung sections along with binary images from 

athymic nude mice pre-administered (via tail-vein; 3 days prior to analysis) with control or 

ShAkt1 PC3 cells. (B) Representative images of frozen lung sections from athymic nude 

mice pre-administered (via tail-vein; 3 days prior to analysis) with GFP-expressing control 

or Akt1 knockdown PC3 cells. (C–D) Representative images of H&E stained and binary 

images of the lung sections of athymic nude mice pre-administered (via tail-vein; 2 weeks 

prior to analysis) with Control or ShAkt1 PC3 cells. (E) Representative H&E stained and 

binary images of the liver sections from athymic nude mice pre-administered (via tail-vein; 2 

weeks ago) with control or Akt1 knockdown PC3 cells showing increased number of tumor 
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cells in mice administered with Akt1 knockdown PC3 cells compared to control. (F) Bar 

graphs showing the number of control and Akt1 knockdown GFP-positive PC3 cells in the 

lung (above) and number of PC3 cells in the binary images of liver sections (below) from 

athymic nude mice pre-administered with respective PC3 cells 3 days prior to tissue 

isolation (n=6). (G) Representative H&E stained and binary images of the liver sections 

from athymic nude mice pre-administered (via tail-vein; 2 weeks ago) with control or Akt1 

knockdown PC3 cells. (H) Bar graphs showing the area of control and Akt1 knockdown 

PC3 cell tumor colonization in the lung (above) and the number of PC3 cells in the binary 

images of the liver sections (below) from athymic nude mice pre-administered with 

respective PC3 cells 2 weeks prior to tissue isolation (n=6). Data presented as Mean ± SD; 

*P < 0.05.
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Figure 6. Pharmacological inhibition of Akt in TRAMP mice and genetic deletion of Akt1 in 
human prostate cancer cells promote epithelial to mesenchymal transition (EMT)
(A) Bar graph showing changes in the mRNA expression of genes regulating EMT in 31 

week old TRAMP mice prostate tissues treated with 1mg/kg/day Akt inhibitor TCBN for 6 

weeks (n=3). (B) Representative Western blot images of prostate tissue lysates isolated from 

31 week old, 6 week TCBN (1mg/kg/day) treated TRAMP mice showing changes in the 

protein expression of epithelial and mesenchymal markers compared to DMSO treated 

controls. (C) Bar graphs showing average fold-changes in the expression levels of 

mesenchymal markers N-Cadherin and Snail, and epithelial marker E-cadherin in prostate 

tissue lysates isolated from 31 week old, 6 week TCBN treated TRAMP mice compared to 

DMSO treated controls (n=4). (D) Representative Western blot images of Akt1 knockdown 
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human PC3 and DU145 cell lysates showing changes in the expression levels of epithelial 

marker E-cadherin and mesenchymal marker N-Cadherin compared to ShControl cells. (E) 
Bar graph showing average fold-change in the expression levels of epithelial marker E-

Cadherin in Akt1 knockdown DU145 cell lysates compared to ShControl cell lysates (n=4). 

(F) Bar graphs showing average fold-change in the expression levels of mesenchymal 

markers N-Cadherin in Akt1 knockdown PC3 (left) and DU145 (right) cell lysates compared 

to respective control cell lysates (n=4). Data presented as Mean ± SD; *P < 0.05.
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Figure 7. Akt1 suppression in human prostate cancer cells result in increased expression of EMT-
inducing growth factor TGFβ1 and its receptor TGFβ RII
(A) Representative Western blot images of control and Akt1 knockdown PC3 and DU145 

cell lysates showing changes in the expression levels of TGFβ1 and its receptor TGFβ RII 

compared to respective control cell lysates. (B) Bar graphs showing average fold-changes in 

the expression levels of TGFβ1 and its receptor TGFβ RII in Akt1 knockdown PC3 and 

DU145 cell lysates compared to respective control cell lysates (n=4). (C) Representative 

Western blot images of control and Akt1 knockdown DU145 cell lysates showing changes in 

the expression levels of epithelial marker E-cadherin in the presence and absence of DMSO 

(control), and various doses of TGFβ receptor inhibitors LY2109761 and SB431542 

compared to control cell lysates. (D) Bar graphs showing average fold-changes in the 

expression levels of E-cadherin in Akt1 knockdown DU145 cell lysates treated in the 

presence and absence of DMSO (control), and various doses of TGFβ receptor inhibitors 

LY2109761 and SB431542 compared to control cell lysates (n=4). Data presented as Mean 

± SD; *P < 0.05.
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Figure 8. Prostate cancer cell EMT as a result of Akt1 suppression is reliant on reduction in the 
levels of β-catenin
(A) Representative Western blot images of control and Akt1 knockdown PC3 and DU145 

cell lysates showing changes in the expression levels of β-Catenin and p-β-Catenin 

compared to respective control cell lysates. (B) Bar graphs showing average fold-changes in 

the expression levels of β-Catenin and p-β-Catenin in Akt1 knockdown PC3 and DU145 cell 

lysates compared to respective control cell lysates (n=4). (C) Representative Western blot 

images of Akt1 knockdown PC3 and DU145 cell lysates showing changes in the expression 

levels of p-β-Catenin in the presence and absence of β-Catenin transcription inhibitor 

ICG001 (10 μM) and Wnt signaling inhibitor IWR-1 (10 μM) 72 hours after treatment. (D) 
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Bar graphs showing average fold-changes in the expression levels of p-β-Catenin in Akt1 

knockdown PC3 and DU145 cell lysates in the presence and absence of β-Catenin 

transcription inhibitor ICG001 and Wnt signaling inhibitor IWR-1 (72 hours) (n=4). (E) 
Representative Western blot images of normal PC3 and DU145 cell lysates showing changes 

in the expression levels of N-Cadherin in the presence and absence of 10 μM of GSK-3 

inhibitor SB415286, β-Catenin transcription blocker ICG001 and Wnt signaling inhibitor 

IWR-1 (72 hours). (F) Bar graphs showing fold-changes in the expression levels of N-

cadherin in PC3 and DU145 cell lysates pre-treated with GSK-3 inhibitor SB415286, β-

Catenin transcription blocker ICG001 or Wnt signaling inhibitor IWR-1 (72 hours). (G) 
Representative Western blot images of DU145 cell lysates showing changes in the 

expression levels of N-Cadherin after treatment with TGFβ1 (5 ng/ml; 72 hours) alone and 

in combination with TGFβ receptor inhibitors LY2109761 and SB431542, β-Catenin 

transcription blocker ICG001 and Wnt signaling inhibitor IWR-1.

Gao et al. Page 28

Cancer Lett. Author manuscript; available in PMC 2018 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and Methods
	2.1. Generation and genotyping of TRAMP/Akt1+/− and TRAMP/Akt1−/− Mice
	2.2. Cell lines, reagents, and antibodies
	2.3. ShRNA-mediated gene silencing and generation of stably silenced PCa cells
	2.4. Immunohistochemistry and staining of tissue sections
	2.5. Western blot analysis
	2.6. qReal-Time PCR arrays
	2.7. Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay
	2.8. Mouse model of experimental lung metastasis
	2.9. Statistical Analysis

	3. Results
	3.1. Akt1 deficiency abrogates oncogenic transformation in TRAMP mouse prostate
	3.2. Akt1 loss in TRAMP prostate promotes apoptosis, suppresses proliferation, and increases lifespan
	3.3. Late suppression of Akt activity in advanced PCa in TRAMP mice promotes metastasis
	3.4. Silencing of Akt1 gene expression in human PCa (PC3) cells promotes metastasis to the lungs
	3.5. Akt inhibition in TRAMP mice and Akt1 loss in human PCa cells promote EMT
	3.6. PCa cell EMT as result of Akt1 suppression is dependent on the activation of TGFβ1signaling and transcriptional suppression of β-catenin

	4. Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

