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Simple Summary: Metastatic castration-resistant prostate cancer is still untreatable, and patients
have a very short life expectancy after diagnosis. One factor that makes metastatic castration-resistant
prostate cancer so aggressive and difficult to treat is neuroendocrine differentiation of prostate
carcinoma cells. We already showed that neuroendocrine differentiation of LNCaP cells results
in increased AKT3 expression. The aim of this study was to demonstrate the role of AKT3 in
neuroendocrine differentiation. Therefore, the previously obtained in vitro data were validated and
extended to tissue from patient with neuroendocrine prostate cancer, where we show the presence
of AKT3 in neuroendocrine cells. Furthermore, we demonstrate the oncogenic consequences of an
increased AKT3 expression including inactivation of apoptotic proteins and a potential role of some
miR-17 family members, negatively regulating AKT3, in neuroendocrine differentiation.

Abstract: Patients with advanced prostate carcinoma are often treated with an androgen deprivation
therapy but long-term treatment can result in a metastatic castration-resistant prostate cancer. This is
a more aggressive, untreatable tumor recurrence often containing areas of neuroendocrine differen-
tiated prostate cancer cells. Using an in vitro model of NE-like cancer cells, it could previously be
shown that neuroendocrine differentiation of LNCaP cells leads to a strong deregulation of mRNA
and miRNA expression. We observe elevated RNA and protein levels of AKT Serine/Threonine
Kinase 3 (AKT3) in neuroendocrine-like LNCaP cells. We used prostate resections from patients with
neuroendocrine prostate cancer to validate these results and detect a co-localization of neuroendocrine
marker genes with AKT3. Analysis of downstream target genes FOXO3A and GSK3 strengthens
the assumption AKT3 may play a role in neuroendocrine differentiation. Overexpression of AKT3
shows an increased survival rate of LNCaP cells after apoptosis induction, which in turn reflects the
significance in vivo or for treatment. Furthermore, miR-17, −20b and −106b, which are decreased in
neuroendocrine-like LNCaP cells, negatively regulate AKT3 biosynthesis. Our findings demonstrate
AKT3 as a potential therapeutic target and diagnostic tool in advanced neuroendocrine prostate
cancer and a new mRNA–miRNA interaction with a potential role in neuroendocrine differentiation
of prostate cancer.
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1. Introduction

Prostate carcinoma (PCa) is the second most diagnosed cancer type in men world-
wide [1]. The development and progression of PCa is strongly dependent on androgen,
making the androgen receptor (AR) one of the most important therapeutic targets in
advanced and metastatic PCa. Therapeutic agents focus on the inhibition of androgen
production or on blocking AR signaling [2,3]. Nevertheless, many patients relapse and
develop metastatic castration-resistant PCa (mCRPC), which is androgen independent,
more aggressive and without further treatment options [4]. Many different mechanisms
switching from androgen dependent to androgen independent tumor growth are discussed,
including enhanced AR expression, AR mutations or AR evasion through other signaling
pathways. Another disadvantage of androgen deprivation therapy (ADT) is the induction
of neuroendocrine transdifferentiation (NETD) of prostate cancer cells to neuroendocrine
(NE)-like tumor cells (NETC) [5].

NE cells represent only a small number of cells in the prostatic epithelium and are
androgen independent [6]. In addition, they secrete many hormones and peptides, such
as chromogranin A (CHGA) and B, serotonin, bombesin or somatostatin, and regulate
proliferation, differentiation and secretion of the prostatic epithelium [7]. NETCs share
these characteristics and form castration resistant NE cell foci in PCa [8]. Uchida and
colleagues demonstrated that foci of NETD are elevated in high-stage and high-grade
prostatic tumors, leading to androgen-independent growth and progression of the tumor
as well as supporting the invasion and metastasis of surrounding prostate cancer cells [9].
Based on these results, many studies suspect a correlation between NETD and poor clinical
outcome [10]. However, the mechanism for androgen-independent proliferation is not
fully understood yet; nevertheless, there are indications that activation of the PI3K/AKT
pathway is essential for neuroendocrine differentiation of prostate cancer cells [11].

AKT Serine/Threonine Kinase (AKT) is a kinase with many different substrates which
regulates a multitude of cellular mechanisms, including cell survival, proliferation and
metabolism [12]. Overactivation of AKT promotes tumor progression and AKT is one
of the most frequently hyperactivated kinases in human cancers [13]. Several studies
demonstrate the oncogenic role of AKT in tumor progression [14,15]. AKT3 as one of
three AKT family members seems to play an important role in promoting the development
of malignant melanomas, triple negative breast cancer, colorectal cancer [16–18] and it
is also expressed in prostate carcinoma [19]. Furthermore, findings of Nakatani and Le
Page suggest an involvement of AKT3 in later stages of PCa [20,21]. Interestingly, genomic
analyses reveal high alterations of AKT pathway genes in human neuroendocrine PCa
samples [22]. We had previously shown an expression change of AKT3 mRNA after NETD
of LNCaP cells in vitro using microarray analysis [23].

MiRNAs are known to have an influence on the development and progression of
prostate carcinoma and are supposed to play a role during NETD [24,25]. They are able to
inhibit protein biosynthesis post-transcriptionally by targeting specific sequences in the
3′-untranslated region (3′UTR) of mRNAs. MiRNA deregulation and function during PCa
development and progression had already been extensively studied and a multitude of
target genes could be identified [26]. However, only a few studies deal with the influence
of miRNAs during NETD of prostate cancer cells.

Here we demonstrate the role of AKT3 in NE-like LNCaP cells as well as neuroen-
docrine prostate cancer and new mRNA-miRNA interactions.

2. Results
2.1. AKT3 Expression Is Increased in NE-Like LNCaP Cells

NETD of AR expressing LNCaP cells was performed by cultivating LNCaP cells in
androgen depleted medium for 14 days. Using microarray analysis, we had previously
demonstrated a dramatic change in mRNA and miRNA expression after NETD of LNCaP
cells in vitro [23], showing that AKT3 expression had significantly (p = 0.0002) increased
2-fold. To analyze if AKT3 plays a role in neuroendocrine differentiation of prostate carci-
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noma, we validated AKT3 expression in NE-like LNCaP cells compared to undifferentiated
LNCaP cells in four independent differentiations by qRT-PCR (Figure 1A). The results show
a strong accordance to former microarray results and reveal a significant (p = 0.0007) induc-
tion of AKT3 (4-fold). Subsequently, we analyzed the AKT3 protein level of neuroendocrine
differentiated LNCaP cells in five independent experiments using western blot analysis.
Figure 1B shows a representative western blot and the statistical evaluation (Figure 1C).
In accordance to the results of AKT3 mRNA expression, AKT3 protein expression was
also increased (on average 4.5-fold), suggesting a correlation between AR signaling and
AKT3 expression.

2.2. AKT3 Protein Expression Negatively Correlates with AR Signaling

AKT3 protein level was examined by western blot analysis in two AR-positive, LNCaP
and 22Rv1, as well as two AR-negative, DU145 and PC3, prostate cancer cell lines [27,28] to
confirm a correlation between AR signaling and AKT3 expression. Figure 1D shows almost
no AKT3 protein expression in LNCaP as well as in 22Rv1 cells, in contrast to DU145 and
PC3 cells, which show high AKT3 protein expression, indicating a negative correlation
between AR signaling and AKT3 expression. In addition, we treated the four PCa cell lines
14 days with enzalutamide, an AR inhibitor, androgen withdrawal, by culturing cells in
charcoal stripped medium or a combination of androgen withdrawal and enzalutamide.
Subsequently, the AKT3 protein level was analyzed using western blot analysis. Androgen
withdrawal and the combination with enzalutamide led to a 3.3- to 3.9-fold increased AKT3
protein level in LNCaP cells (Figure 1E). In contrast, the AR-positive 22Rv1 cells were not
affected by androgen withdrawal or enzalutamide treatment (Figure 1F). In addition to
wild-type AR, 22Rv1 cells also express the AR splice variant AR-V7. This splice variant
lacks the ligand binding domain, making the AR permanently active, leading to a persistent
activation of the AR signaling pathway, and thus, the 22Rv1 cells are resistant to androgen
deprivation or treatment with enzalutamide [29–31]. In consequence, the AR signaling
pathway was not inhibited by the treatments, resulting in unaltered expression of AKT3.
DU145 and PC3 cells do not express AR, which makes them also resistant to androgen
withdrawal or enzalutamide treatment. Figure 1G (DU145) and Figure 1H (PC3) show no
alteration in AKT3 protein expression after such treatments. Taken together, suppressed
AR signaling leads to increased AKT3 expression in PCa cells and AKT3 protein expression
seems to be directly inhibited by AR signaling. In consequence, androgen withdrawal
resulting in NETD of LNCaP cells leads to evaluated AKT3 protein level in NE-like LNCaP
cells and could play an important role in NETD of PCa.

2.3. Neuroendocrine Differentiated PCa Cells Express AKT3

To analyze AKT3 protein localization in neuroendocrine differentiated PCa, we col-
lected tissue samples from patients with prostate cancer, performed HE staining and
determined the Gleason Score. Neuroendocrine differentiation significantly occurs more
frequent in advanced PCa. To identify samples with areas of neuroendocrine differentiation,
the clinical markers CHGA and synaptophysin (SYP) were used for immunohistochemical
staining. Representative stainings of five samples from patients with advanced PCa (Glea-
son Score: 4 + 5) and the corresponding neuroendocrine differentiated areas are shown in
Figure S1. Under these conditions, we were able to compile a cohort of 15 patients with a
corresponding Gleason Score containing areas of neuroendocrine differentiation (Table 1).
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Figure 1. Expression of AKT3 is increased in neuroendocrine (NE)-like LNCaP cells and inhibited by androgen receptor
(AR) signaling in prostate carcinoma (PCa) cells. (A) According to the results of microarray data from Dankert et al. 2018
(white bar; p = 0.0002) AKT3 expression was validated by qRT-PCR (black bar; p = 0.0007) confirming increased AKT3
expression in NE-LNCaP compared to normal LNCaP cells on mRNA level (*** p < 0.001). (B) Representative western blot
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analysis using anti-AKT3 mAb confirms induced AKT3 protein level in NE-like LNCaP cells. (C) Densitometrical quan-
tification of western blot analyses represents the relative upregulation (4.5-fold) of AKT3 protein in NE-like LNCaP cells,
determined in five independent experiments in relation to corresponding β-actin as loading control. (D) Western blot
analysis of four PCa cell lines using anti-AKT3 mAb depicts different AKT3 expression in AR-positive and AR-negative PCa
cell lines. PCa cell lines were treated with androgen deprivation or 10 µM enzalutamide followed by western blot assays for
AKT3 expression. The treatments increased AKT3 protein expression in LNCaP cells (E), whereas AKT3 expression did not
change in 22Rv1 (F), DU145 (G) and PC3 (H) cells.

Table 1. Patient data (n = 15).

Patient Age (Years) Serum PSA
(ng/mL) pT-Stage Gleason GG pN+ Adj. ADT

1 69 31.00 pT3a 3 + 4 2 yes yes
2 72 32.00 pT3b 4 + 3 3 no yes
3 65 83.70 pT4 3 + 4 2 no yes
4 73 50.10 pT4 4 + 5 5 no yes
5 62 23.40 pT3b 3 + 3 1 no yes
6 72 23.92 pT3a 3 + 4 2 no yes
7 63 22.61 pT4 4 + 3 3 yes yes
8 73 32.80 pT3b 4 + 4 4 yes yes
9 77 58.00 pT3b 3 + 4 2 yes no
10 76 33.50 pT3b 4 + 3 3 no yes
11 63 25.41 pT3b 3 + 4 2 yes yes
12 70 48.35 pT3a 3 + 3 1 yes yes
13 67 153.00 pT3a 3 + 4 2 yes yes
14 56 42.70 pT3a 3 + 4 2 no yes
15 77 110.00 pT3b 5 + 4 5 no yes

Abbreviations: PSA, prostate-specific antigen; pT stage, pathologic stage after prostatectomy; GG, Grade group;
pN, pathological proven lymph node metastasis; Adj. ADT, Adjuvant androgen deprivation therapy.

To investigate whether neuroendocrine differentiated PCa cells express AKT3,
immunofluorescence double staining was carried out. Tissue from gallbladder (Figure S2A)
and small intestine (Figure S2B) were used to validate immunofluorescence staining with
an unspecific mouse or rabbit serum instead of the primary antibody serving as control.
Neuroendocrine cells were stained red with anti-CHGA or anti-SYP antibody, while cells
expressing AKT3 were stained green. The first picture set of Figure 2A shows immunofluo-
rescence double staining (CHGA, AKT3) of normal prostate tissue and demonstrates AKT3
expression in normal prostatic epithelium. Furthermore, we detected NE-cells which are
AKT3 positive, suggesting a subpopulation of AKT3 expressing NE cells. Representative
tissue samples from five different patients with neuroendocrine PCa indicate that many
neuroendocrine cells also express AKT3 (Figure 2A). Statistical analysis of the images
demonstrates that AKT3 is colocalized in approximately 55% of CHGA-positive cells
(Figure 2B).

These results were validated using synaptophysin as an additional marker for neu-
roendocrine cells. One picture set of normal prostate tissue and five representative picture
sets from patients with neuroendocrine PCa double stained for SYP/AKT3 are shown
in Figure 3A. According to the results of CHGA/AKT3 double staining, we detected a
subpopulation of neuroendocrine cells which express AKT3. Figure 3B shows the statistical
analysis where about 55% of SYP-positive neuroendocrine cells express AKT3.
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Figure 2. AKT3 colocalization with NE cell marker chromogranin A (CHGA) in advanced prostate cancer tissue. (A) Im-
munofluorescence double staining of normal prostate tissue and representative tissue samples from five patients with neu-
roendocrine differentiated prostate carcinoma showing CHGA-positive cells expressing AKT3 (DNA: blue, CHGA-positive
NE-cells: red, AKT3: green, double positive cells: yellow; Magnification: 400×, scale bar: 100 µm). (B) Three areas per patient
with neuroendocrine differentiated prostate cancer were documented and only samples with more than 20 neuroendocrine
cells were analyzed. The number of CHGA-positive NE cells was normalized to 100% (grey bar). Graph shows statistical
evaluation that demonstrates colocalization of CHGA and AKT3 (black bar) in approximately 55% of neuroendocrine cells.
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Figure 3. AKT3 colocalization with NE cell marker SYP in advanced prostate cancer tissue. (A) Immunofluorescence double
staining of normal prostate tissue and representative tissue samples from 5 patients with neuroendocrine differentiated
prostate carcinoma showing SYP-positive NE cells expressing AKT3. AKT3 frequently is colocalized with SYP in normal
prostate tissue as well as tissue samples from patients with neuroendocrine PCa, indicating expression of AKT3 in NE
cells (DNA: blue, CHGA-positive NE-cells: red, AKT3: green, double positive cells: yellow; Magnification: 400×, scale bar:
100 µm). (B) Three areas per patient with neuroendocrine-differentiated prostate cancer were documented and only samples
with more than 20 neuroendocrine cells were analyzed. The number of SYP-positive NE cells was normalized to 100% (grey
bar). Graph shows statistical evaluation that demonstrates colocalization of SYP and AKT3 (black bar) in approximately
55% of neuroendocrine cells.
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It should be noted, that colocalization of various NE markers and AKT3 varies greatly.
In PCA tissue from patient 5, for example, approximately 55% of CHGA positive cells
are also AKT3 positive, whereas in the same patient, 75% of SYP positive cells are AKT3
positive. Taken together, our results suggest that a subpopulation of neuroendocrine cells
express AKT3 in advanced prostate carcinoma.

2.4. AKT3 Signaling Pathway Is Activated in NE-Like LNCaP Cells

Our results indicate that AKT3 may play a role in NE-like LNCaP cells as well as
in neuroendocrine differentiated prostate cancer. Therefore, we examined whether the
AKT3 signaling pathway is induced in NE-like LNCaP cells. AKT3 is a protein kinase,
which phosphorylates serine and threonine residues and which hereby regulates the ac-
tivity of different proteins as Forkhead box O3 (FOXO3A) or Glykogen synthase kinase
3 (GSK3α/β). For analysis of AKT3 downstream targets, we performed western blot
analysis to determine the phosphorylation status of Ser253 (FOXO3A) and Ser21/ Ser9
(GSK3α/β). Neuroendocrine differentiation of LNCaP cells does not affect protein ex-
pression of FOXO3A, whereas analysis of phosphorylation at Ser253 shows an increase of
phosphorylation (Figure 4A). Four independently performed experiments are depicted
in Figure 4B and show a 5-fold elevated phosphorylation of FOXO3A at Ser253 using
β-actin as loading control. Figure 4C,D illustrate that total protein level of GSK3 also is
not affected by neuroendocrine differentiation of LNCaP cells, but the phosphorylation
status of Ser21/Ser9 is 3-fold increased. These results indicate an induction of FOXO3A
and GSK3α/β phosphorylation due to NETD of LNCaP cells.

2.5. Expression of AKT3 Has an Anti-Apoptotic Effect on AR-Positive LNCaP Cells

Since we showed that the AKT3 signaling pathway is activated, we analyzed the
effect of AKT3 on cellular properties such as proliferation, colony formation or apoptosis
using an AKT3 expression vector. After transfection of PCa cells with an AKT3 expression
vector, the AKT3 protein level of LNCaP cells were 13.6-fold (Figure S3A), 22Rv1 cells 16.8-
fold (Figure S3B), DU145 cells 7.4-fold (Figure S3C) and PC3 cells 11.6-fold (Figure S3D)
increased. Overexpression of AKT3 neither affected the cell number (Figure S3E) nor
colony formation ability of LNCaP cells (Figure S3F). We further determined the effect of
AKT3 on apoptosis using annexin V staining and caspase 3/7 activity assays. PCa cells
were transfected with AKT3 expression plasmid and treated with 200 ng/mL Fas ligand
(FasL), 10 µM enzalutamide or 20 nM docetaxel to induce apoptosis. Flow cytometry
analysis of LNCaP cells stained with annexin V/ PI demonstrates that the percentage of
apoptotic cells decreases after AKT3 overexpression (black bar) compared to the control
(white bar), indicating an significant (p = 0.0008) anti-apoptotic effect of AKT3 on LNCaP
cells. Treatment of LNCaP cells with FasL (7%), enzalutamide (15%) or docetaxel (25%)
increases the percentage of apoptotic cells. Elevated AKT3 expression in LNCaP cells
treated with FasL or enzalutamide leads to a significant (p = 0.0001 resp. 0.0002) 10%
reduction of apoptotic cells (Figure 5A). These results suggest that AKT3 promotes cell
survival in LNCaP cells. To analyze the molecular mechanism of AKT3 on apoptosis,
we examined the caspase 3/7 activity. Figure 5B shows a slightly suppressed caspase 3/7
activity in LNCaP cells after enhanced AKT3 expression. In FasL treated cells, the caspase
3/7 activity is moderately elevated (1,2-fold) but AKT3 expression represses caspase 3/7
activity significantly (p = 0.0377) by about 35%. Enzalutamide treatment results in a 1.5-fold
increased caspase 3/7 activity in LNCaP cells in comparison to untreated LNCaP cells,
while elevated AKT3 level significantly (p = 0.0004) suppresses caspase 3/7 activity in
LNCaP cells treated with enzalutamide to 65%. The treatment of docetaxel leads in both
cases to a strong enhancement of caspase 3/7 activity (3.4-fold). The data demonstrate that
upregulation of AKT3 in castration-sensitive LNCaP cells promotes survival by repressing
caspase 3/7 activity. Apoptosis induction of 22Rv1 cells (Figure 5C) and elevated caspase
3/7 activity (Figure 5D) are only successful by treatment of 22Rv1 cells with docetaxel.
The percentage of apoptotic cells increases to 40% while caspase 3/7 activity is 5-fold
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enhanced. AKT3 overexpression has no effect on cell survival of untreated or treated
22Rv1 cells. Due to the expression of AR splice variant AR-V7, 22Rv1 cells are castration-
resistant [28,29]. The permanently active AR signaling protects cells from apoptosis and the
activation of other survival stimulating pathways is not necessary. As well as 22Rv1 cells,
DU145 and PC3 cells only respond to docetaxel treatment. The percentage of apoptotic
DU145 cells elevates to 40% (Figure 5E) and caspase 3/7 activity increases 4-fold (Figure 5F).
The percentage of apoptotic PC3 cells elevates to 35% (Figure 5G), while caspase 3/7
activity is 3.3-fold enhanced in PC3 cells after docetaxel treatment (Figure 5H). DU145
and PC3 cells are classified as castration-resistant PCa cell lines due to a lack of wildtype
AR [27,28]. AKT3 overexpression has no effect on cell survival of untreated or treated
DU145 and PC3 cells, but both cell lines stably express AKT3 (Figure 1D), indicating a
certain amount of AKT3 expression is sufficient to support cell survival. Taken together,
our results suggest that during androgen reduced conditions, castration-sensitive PCa cells
undergo neuroendocrine differentiation associated with upregulation of AKT3 to become
castration-resistant and to escape apoptosis.

Figure 4. Downstream targets of AKT3 are phosphorylated in NE-like LNCaPs. AKT3 regulates the activity of Forkhead
box O3 (FOXO3A) and Glykogen synthase kinase 3 (GSK3α/β) by phosphorylation. (A) LNCaP cells were cultivated in
androgen free medium for 14 days. Representative western blot analysis of FOXO3A protein level and phosphorylation on
Ser253 reveals no significant changes in protein level in comparison to phosphorylation. (B) Densitometrical quantification
of four independent experiments prove a 5-fold increased phosphorylation of FOXO3A using β-actin as housekeeping gene.
(C) Representative western blot analysis of GSK3α/β protein level and phosphorylation on Ser21/Ser9 demonstrates no
modification of protein level, but an induction of phosphorylation. (D) Densitometrical quantification of four independent
experiments show 3-fold increased phosphorylation on serine residues Ser21/Ser9 using β-actin as housekeeping gene.
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Figure 5. Effects of AKT3 expression on apoptosis of PCa cell lines were analyzed by Annexin V/propidium iodide (PI)
staining and caspase 3/7 activity. Cells were transfected with control or AKT3 expression plasmid and apoptosis was
induced by adding FasL (200 ng/mL), enzalutamide (10 µM) or docetaxel (20 nM) 24 h after transfection. Staining with
Annexin V-FITC/ PI was performed 72 h post treatment and followed by flow cytometry analysis. Graphs show the
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mean ± SEM of four independent experiments. (A) Percentage of apoptotic cells decreased significantly (*** p < 0.001) after
AKT3 overexpression in untreated LNCaP cells (p = 0.0008) as well as FasL (p = 0.0001) and enzalutamide (p = 0.0002) treated
LNCaP cells. (B) Caspase 3/7 activity was measured 48 h after treatment by microplate reader. AKT3 overexpression in
LNCaP cells has a slightly effect on caspase 3/7 activity. After induction of apoptosis with FasL (p = 0.0377; * p < 0.05) or
enzalutamide (p = 0.0004; *** p < 0.001), AKT3 overexpression leads to a significant reduction of caspase 3/7 activity in
LNCaP cells. AKT3 expression in 22Rv1, DU145 and PC3 cells has no effect on the relative proportion of apoptotic cells
(C,E,G) as well as on caspase 3/7 activity (D,F,H).

2.6. Members of miR-17 Family Post-Transcriptionally Regulate AKT3 Biosynthesis

Subsequently, miRNAs as a possible reason for enhanced AKT3 protein level in NE-
like LNCaP cells were analyzed. Target gene analysis using TargetScan identified AKT3
as a putative target gene for the miR-17 family. We had previously shown a decreased
expression of miR-17 family (on average 0.2-fold) in NE-like LNCaP cells, established by
androgen withdrawal, in comparison to undifferentiated LNCaP cells [23], indicating a
correlation between miR-17 family and AKT3 expression. Additionally, we compared
the expression of miR-17 family members in LNCaP cells with 22Rv1 cells as well as
DU145 and PC3 cells which stably express AKT3. In 22Rv1 cells, which express no AKT3,
the miR-17 family expression is 0.1-fold lower than in LNCaP cells, whereas DU145 and
PC3 cells do not express members of miR-17 family, except miR-106b in PC3 cells (0.25-fold)
(Figure 6A). The putative miRNA target sites inside the 3′UTR of AKT3 are depicted in
Figure 6B. A fragment of the AKT3 3′UTR containing the corresponding miRNA binding
site was inserted into a luciferase reporter gene plasmid and luciferase reporter gene assays
were performed. The reporter gene constructs were cotransfected with an expression
vector for the respective miRNA. MiR-17, −20b and −106b significantly (each p = 0.0001)
reduce luciferase activity of the AKT3 reporter gene construct by 20–25% (Figure 6C)
whereas miR-20a, −93 and −106a do not repress the luciferase activity. The binding of
the miRNAs to the predicted target site of the 3′UTR was confirmed by site directed
mutagenesis of the corresponding miRNA seed sequence. The modified miRNA binding
sites of AKT3 3′UTR are depicted in Figure 6B. Figure 6D shows an increase of luciferase
activity to initial control level after mutation of the miRNA binding site inside AKT3
3′UTR, indicating a loss of miRNA binding. To investigate the regulatory abilities of the
miR-17 family members on endogenous AKT3 biosynthesis, the respective miRNAs were
ectopically expressed in LNCaP cells and AKT3 protein level was analyzed by western
blot. A representative western blot analysis of reduced (0.3-fold) AKT3 protein level in
LNCaP cells after overexpression of miR-17, −20b or −106b is depicted in Figure 6E.
Figure 6F shows the mean of three independently performed western blot analyses after
overexpressing miR-17, −20b and −106b, demonstrating that AKT3 is negatively regulated
(0.3–0.5-fold) by particular members of the miR-17 family.
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Figure 6. Post-transcriptional regulation of AKT3 protein expression by miR-17 family. (A) Expression of miR-17 family
members in PCa cell lines was analyzed by qRT-PCR. MiR-17 family expression in 22Rv1, DU145 and PC3 cells was
normalized to LNCaP cells. All members of miR-17 family are decreased (0.1-fold) in 22Rv1 cells whereas DU145 and PC3
cells do not exhibit any miR-17 family expression, except miR-106b in PC3 cells. (B) Predicted miR-17 family binding site
in the 3′UTR of AKT3 mRNA and the mutated miRNA binding sites are shown. (C) MiRNA expression plasmids were
cotransfected with control reporter plasmid (pMIR, black bars) or reporter gene construct containing AKT3 3′UTR (AKT3,
grey bars). The luciferase activity of the control reporter gene plasmid coexpressed with control expression construct was
set to 100 %. The graph shows the mean ± SEM of four independent experiments. MiR-17, -20b and -106b significantly
reduce (20–25 %) luciferase activity of the reporter gene construct containing AKT3 3′UTR in comparison to the control
(each p = 0.0001; *** p < 0.001). (D) Control reporter plasmid (black bars), reporter construct with wildtype seed sequence
(grey bars) and the reporter construct with mutated seed sequence (white bars) was coexpressed with control, miR-17,
-20b or -106b expression plasmids. After mutation of the seed sequence, the corresponding miRNAs are not able to reduce
the luciferase activity. The graph displays the mean ± SEM of six independent experiments. (E) A representative western
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blot analysis for AKT3 of LNCaP cells which were transfected with control or miRNA expression plasmids, showing
decreased (0.3-fold) AKT3 protein level after enhanced miR-17, -20b or -106b expression. (F) Densitometrical determination
of three independent western blot analysis for AKT3 protein level after transfection with miRNAs using β-actin as loading
control. MiR-17, -20b and -106b expression reduce (0.3–0.5-fold) the endogenous AKT3 protein expression. Uncropped
Western blot images are provided in Figure S4.

3. Discussion

The aim of this study was to discover the role of AKT3 in neuroendocrine PCa.
In prostatic epithelium from healthy human donors, AKT3 is expressed in epithelial cells
including normal NE-cells. We identified AKT3 expressing and non-expressing NE-cells
in human prostatic epithelium. A possible explanation for the heterogenous expression
pattern could be the presence of different NE cell subgroups. Several studies support this
theory [32–34]. It is already well described that AKT3 is expressed in healthy prostate
and prostate carcinoma [19], whereat Nakatani and colleagues gave a first hint that AKT3
could play a bigger role in advanced prostate cancer. They showed an elevated AKT3
expression in androgen-resistant in comparison to androgen-sensitive PCa cell lines [20].
Here, we confirmed these findings by demonstrating enhanced AKT3 protein expression
in AR-negative PCa cell lines DU145 and PC3 cells compared to AR-positive LNCaP and
22Rv1 cells. Furthermore, suppression of AR signaling in castration-sensitive LNCaP
cells, but not in castration-resistant 22Rv1, DU145 and PC3 cells, leads to an increased
AKT3 expression, indicating a direct correlation between repressed AR signaling and
enhanced AKT3 expression. Neuroendocrine differentiated LNCaP cells are also androgen-
independent and we show an elevated expression of AKT3 mRNA and protein in NE-like
LNCaP cells. Interestingly, Tai and colleagues demonstrated that PC3 cells also share
common features with small cell neuroendocrine PCa (SCNC) like castration resistance
and expression of NE markers [35]. Taken together, enhanced AKT3 expression in NE-
like LNCaP cells and PC3 cells suggest a role of AKT3 in neuroendocrine differentiated
CRPC. Another important finding was revealed by Le Page and colleagues showing
a correlation of AKT3 expression in PCa with extra prostatic extension and hormone-
refractory disease progression, suggesting an involvement of AKT3 in later stages of
PCa [21]. Using two different markers for neuroendocrine differentiation, we observed
an enhanced localization of AKT3 in areas of neuroendocrine PCa, which is much more
common in advanced PCa with high Gleason Score [9,10]. This study cannot reach definite
conclusions because specimens of 15 patients were analyzed only. The correlation between
both NE markers and AKT3 varies in some patient specimens. However, several studies
confirm that the clinical markers CHGA, SYP and NSE do not always have consistent
specificity and sensitivity to neuendocrine cells [36,37], indicating multiple subgroups
of NE cells differently expressing AKT3. Taken together, AKT3 seems to play a role in
neuroendocrine differentiated, castration-resistant PCa.

Subsequently, the consequences of an increased AKT3 protein level in NE-like cancer
cells were analyzed. Therefore, we determined the phosphorylation of two downstream
target proteins FOXO3A and GSK3α/β after NETD of LNCaP cells. FOXO3A exhibits a
stronger phosphorylation on Ser253 in NE-like LNCaP cells in comparison to untreated
LNCaP cells, leading to inactivation and nuclear export of FOXO3A. Upon activation and
translocation in nucleus, FOXO3A initiates apoptosis by inducing expression of apoptotic
genes such as Fas ligand [38]. Additionally, Das and colleagues demonstrated that FOXO3A
promotes apoptosis in castration resistant PCa [39]. Furthermore, a second downstream tar-
get of AKT3, GSK3α/β, was investigated which is also strongly phosphorylated in NE-like
LNCaP cells. GSK3α/β is an important member in cell metabolism and is involved in glu-
cose storage. AKT phosphorylates GSK3α/β at Ser21/Ser9, leading to its inactivation [40]
and to increased survival rates of cells [41]. Subsequently, Mullholland and colleagues
showed that GSK3 activation is frequently associated with advanced prostate cancer [42].
Taken together, AKT3 phosphorylates and inactivates FOXO3A and GSK3α/β, which
could play a role in promoting apoptosis in NE-like LNCaP cells. Interestingly, FOXO3A
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inhibits cyclin D1 expression in colorectal cancer as well as breast cancer [43,44] whereas
GSK3 phosphorylates cyclin D1 on Thr286, leading to ubiquitination and proteasomal
degradation of cyclin D1 [45,46]. Therefore, AKT3 mediated inactivation of FOXO3A and
GSK3 could lead to an increased cyclin D1 expression. Previously, we have already shown
that cyclin D1 is elevated in neuroendocrine differentiated LNCaP cells [23]. Moreover,
increased cyclin D1 is associated with increased cell growth and tumorigenicity in LNCaP
cells [47] as well as in metastatic prostate cancer [48]. These signaling pathways signifi-
cantly contribute to the characteristics of neuroendocrine differentiated PCa. To confirm
these data, we analyzed the survival stimulating effect of AKT3 on castration-sensitive PCa
cell line LNCaP and castration-resistant PCa cell lines 22Rv1, DU145 and PC3 by several
in vitro assays. Our results confirm a survival stimulating effect of AKT3 expression by
decreasing the percentage of apoptotic LNCaP cells as well as by repressing caspase 3/7
activity after apoptosis induction using Fas–Ligand or enzalutamide treatment. In contrast,
elevated AKT3 expression has no anti-apoptotic effect on castration-resistant cells. 22Rv1
cells express AR splice variant AR-V7 which lack the ligand-binding site and makes it
permanently active, stimulating survival [28,29]. DU145 and PC3 cells lacking AR signal-
ing [27,28], but both cell lines endogenously express AKT3, suggesting AKT signaling is
activated and sufficient to support cell survival. Additionally, it has been demonstrated by
Lin and colleagues that AKT3 has an effect on PCa cell line proliferation [49] and AKT3 is
overexpressed in malignant melanomas, supporting cell survival [16] as well as mediating
apoptosis resistance in melanoma cells [50]. The negative regulation of FOXO3A and
GSK3 and the anti-apoptotic effect of AKT3 on LNCaP cells support the theory, AKT3
plays a role in mediating apoptosis resistance in NETCs. Interestingly, the activation of
PI3K/AKT signaling pathway via IGF1 or IL6 stimulates NETD in LNCaP cells [11,51]
whereas inhibition of PI3K/AKT pathway using a PI3K inhibitor drives LNCaP cells into
apoptosis [52]. The inhibition of AR signaling by androgen deprivation and activation of
PI3K/AKT signaling by treatment with IL6 or IGF1 appears to be essential for NETD of
PCa cells.

Previously, we could show that the miR-17 family is downregulated after NETD
and ectopic expression of each member of the miR-17 family in LNCaP cells results in
decreased cell proliferation, colony-forming ability and increased cell apoptosis [23]. Here,
we demonstrate miR-17 family expression is higher in castration-sensitive compared to
castration-resistant PCa cell lines and expression of AKT3 is post-transcriptionally reg-
ulated by members of the miR-17 family. According to this findings, increased protein
biosynthesis of AKT3 after NETD of LNCaP cells may be caused by the decreased expres-
sion of miR-17 family. The miR-17 family expression was not analyzed in the corresponding
clinical samples, because it was previously described that AR binding sites are located in
miRNA flanking regions and analysis of castration-sensitive cells treated with synthetic an-
drogen R1881 identified 16 upregulated miRNAs, including miR-106a, miR-17-5p, miR-20a,
miR-20b, miR-19b, miR-93 [53]. Furthermore, AR directly regulates the expression of
the miR-17-92a cluster, including miR-17, miR-20a, miR-18a, miR-19a/b and miR-92a in
PCa. In AR-positive cells, a higher expression of miR-17-92a is observed compared to
AR-negative cells and ectopic expression of AR could enhance the expression of miR-17-92a
cluster in AR-negative prostate cancer cells while knockdown of AR decreased miR-17-92a
expression in AR-positive cells [54]. According to this, inhibition of AR signaling, due to
androgen withdrawal or enzalutamide treatment, would probably lead to a lower miR-
17 family expression, resulting in increased AKT3 expression due to the direct miR-17
family mediated repression of AKT3 biosynthesis (Figure 6). All clinical samples show
detectable neuroendocrine areas which are castration-resistant and AR-negative. Therefore,
it is unlikely to find substantial expression of miR-17 family. Furthermore, Bhardwaj and
colleagues were able to show that AKT3 is targeted by miR-29c [55] and expression of
miR-29c is also stimulated by AR [53]. We found that miR-29c is also reduced (0.18-fold),
similar to the miR-17 family, in NE-like LNCaP cells [23].
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Taken together, our results suggest that neuroendocrine PCa may use other signal-
ing pathways (PI3K/AKT) to compensate the loss of AR signaling to become androgen
independent, to stimulate proliferation and to escape apoptosis. The knowledge about
enhanced AKT3 activity and deregulated miRNAs which seem to regulate several mem-
bers of PI3K/AKT pathway, could be used to develop a personalized diagnostic. Further
studies should investigate whether the negative regulation of miR-17 family in NE-like
LNCaP cells is also detectable in tissue or body fluids from patients with neuroendocrine
differentiated prostate cancer. A further therapeutic approach is the combination of an
androgen decreasing agent and a PI3K/AKT pathway inhibitor. A clinical phase II study
was performed by de Bono and colleagues demonstrating an increased anti-tumor activity
after combined treatment with abiraterone, an androgen-decreasing agent and ipatasertib,
an AKT kinase inhibitor compared to treatment with abiraterone alone in patients with
metastatic castration-resistant PCa [56]. A clinical phase III study is currently ongoing until
end of 2023 [57].

4. Materials and Methods
4.1. Cell Lines

HEK293T cells (ATCC/LGC Standards GmbH, Wesel, Germany) were grown in
DMEM (Thermo Fisher Scientific, Oberhausen, Germany) supplemented with 10% heat-
inactivated FCS (Sigma Aldrich, Hamburg, Germany), Penicillin (100 U/mL) and Strepto-
mycin (100 µg/mL). LNCaP, 22Rv1 and DU145 cells (ATCC/LGC Standards GmbH, Wesel,
Germany) were cultivated in RPMI 1640 supplemented with 10% heat-inactivated FCS,
l-Glutamin (1 mM final concentration), sodium pyruvate (1 mM final concentration), Peni-
cillin (100 U/mL) and Streptomycin (100 µg/mL). PC3 cells (ATCC/LGC Standards GmbH,
Wesel, Germany) were cultivated in Ham’s F-12K supplemented with 10% heat-inactivated
FCS, l-Glutamin (1 mM final concentration), sodium pyruvate (1 mM final concentration),
Penicillin (100 U/mL) and Streptomycin (100 µg/mL). For neuroendocrine differentiation,
FCS was substituted by charcoal-stripped FCS (Sigma Aldrich, Hamburg, Germany) fol-
lowed by LNCaP cultivation for 14 days. For Mycoplasma testing, cells were cultured on
coverslips, fixed, mounted on slides with VECTASHIELD® mounting medium containing
DAPI (Vector Laboratories, Burlingame, CA, USA) and analyzed with a Leica DM4000
B microscope, Leica DFC340 FX camera and Leica Application Suite version 2.8.1 (Leica
Microsystems, Wetzlar, Germany). All experiments were performed with mycoplasma-free
cells. All cell lines have been authenticated using STR profiling within the last year.

4.2. RNA Extraction

Total RNA extraction from monolayer cells was performed with RNAmagic (Bio-
Budget, Krefeld, Germany) in accordance to manufacturer’s instructions. MiRNA ex-
traction from monolayer cells was carried out with miRNeasy Mini Kit (Qiagen, Hilden,
Germany) in accordance to manufacturer’s instructions.

4.3. Quantitative Real-Time PCR

cDNA from mRNA was synthesized using High-Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Darmstadt, Germany) while cDNA from miRNA was pro-
duced by miScript II RT Kit (Qiagen, Hilden, Germany). QRT-PCRs were performed using
qTOWER3 (Analytik Jena, Jena, Germany), specific primers and 5× EvaGreen (R) QPCR-
Mix II (ROX) (Bio-Budget, Krefeld, Germany). The thermal cycling conditions were as
followed: 95 ◦C for 15 min followed by 45 cycles of 95 ◦C for 15 s, 58 ◦C for 30 s and 72 ◦C
for 30 s. Melting curve analysis was performed for quality control. Evaluation of relative
mRNA or miRNA expression was determined by ∆∆Ct method using 18S rRNA (for
mRNA) or 5.8S rRNA (for miRNA) as housekeeping gene. The oligonucleotides sequences
are shown in Supplemental Table S1. For miRNA detection, oligonucleotide sequences are
described elsewhere [23].
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4.4. SDS-PAGE and Western Blotting

Cells were lysed with RIPA buffer (150 mM NaCl, 5 mM EDTA, 25 mM Tris, 0.1%
SDS, 1% sodium deoxycholate, 1% NP-40) and the protein lysate were compounded
with Laemmli buffer (62.5 mM Tris, 2% SDS, 25% glycerol, 0.01% bromophenol blue,
5% β-mercaptoethanol). Proteins were separated by electrophoresis using 8–16%-Mini-
PROTEAN® TGX Stain-Free™ Precast Gels and were transferred to Trans-Blot® Turbo™
RTA Mini Nitrocellulose membrane (Bio-Rad, Düsseldorf, Germany). Immune detection of
proteins was carried out using antibodies displayed in Supplemental Table S2 according
to the manufacturer instructions. Proteins were visualized by Clarity™ Western ECL
Substrate and ChemiDoc™ Touch Imaging System (Bio-Rad, Düsseldorf, Germany).

4.5. Human Prostate Specimens

PCa tissue from radical prostatectomy (RP) specimen (n = 142) was obtained from the
Department of Urology at the Community Hospital Karlsruhe, Germany. Samples were
paraffin-embedded. Fractions with >90% cancerous tissue were used. All patients were
recruited from a well-characterized group of high-risk PCa patients of the EMPaCT tumor
bank (European Multicenter Prostate Cancer Clinical and Translational Research Group)
as described previously [58,59]. According to the high-risk PCa criteria established by
D’Amico et al. [60], all patients had a preoperative/ initial serum prostate-specific antigen
(PSA) of at least 20 µg/L. The study was approved by the local ethics committee (KEK
Bern no. 128/2015).

4.6. Immunohistochemistry

Paraffin-embedded tissue blocks were cut at a thickness of 7 µm and slices were
mounted on glass slides, deparaffinized with xylene and rehydrated in a descending alco-
hol series (100%, 96% and 70%). Slices were boiled in citrate buffer for antigen unmasking,
were blocked for 60 min at room temperature with 1% BSA in PBS and were incubated
overnight at 4 ◦C with rabbit anti-CHGA or anti-SYP antibody (1:200 in PBS with 0.5%
BSA). After three washing steps with PBST, slices were incubated for 1 h at room tempera-
ture in PBS/0.5% BSA with diluted (1:200) secondary biotinylated swine anti-rabbit IgG.
After washing three times with PBST, signal enhancement was achieved by Vectastain®

(Linaris, Wertheim-Bettingen, Germany) according to the manufacturer instructions. Im-
munoreaction was visualized with diaminobenzidine (DAB) (Sigma), followed by nuclear
staining using hematoxylin solution (Thermo Fisher Scientific, Oberhausen, Germany).
Finally, slices were dehydrated and mounted with Xylene Substitute Mountant (Thermo
Fisher Scientific, Oberhausen, Germany). Slides were scanned using a Leica DM4000 B
microscope, Leica DFC290 camera and analyzed using the Leica Application Suite version
2.8.1 (Leica Microsystems, Wetzlar, Germany).

4.7. Double Immunofluorescence

After rehydration, slices were treated with MaxBlock® Autofluorescence Reducing
Reagent Kit (Dianova, Hamburg, Germany). Antigens were unmasked with citrate buffer
and slices were permeabilized using PBS/0.025% Triton X-100. After washing with PBS,
slices were blocked for 60 min at room temperature with PBS/5% swine serum. Afterwards,
slices were incubated overnight at 4 ◦C in PBS with 2% swine serum and diluted (1:100)
rabbit anti-CHGA or anti-SYP antibody. After washing with PBS, slices were incubated
for 1 h at room temperature with biotinylated swine anti-rabbit antibody diluted 1:100
in PBS. After two additional washing steps with PBS, slices were incubated for 1 h at
room temperature with CY™3-conjugated streptavidin (Jackson Immuno Research, Ely,
Cambridgeshire, UK) diluted 1:200 in PBS/0.5% swine serum, followed by two more
washing steps with PBS. Sections were blocked for 30 min with PBS/1% BSA and incubated
overnight at 4 ◦C with mouse anti-AKT3 antibody diluted 1:100 in PBS/0.5% BSA. After
two rinses in PBS, slices were incubated for 1 h at room temperature with Alexa 488
coupled anti-mouse antibody, diluted 1:200 and DAPI (1:200) in 0.5% BSA/PBS, washed
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twice in PBS, treated with post detection conditioner and mounted with Fluoromount
(Sigma-Aldrich, Munich, Germany). For signal detection, Leica DM4000 B microscope,
Leica DFC340 FX camera and Leica Application Suite version 2.8.1 (Leica Microsystems,
Wetzlar, Germany) was used.

4.8. Plasmids

Nucleotides 1609-2836 of the AKT3 mRNA (accession number: NM_005465.4) were
amplified from human genomic DNA by PCR and inserted into pMIR-RNL-TK reporter
plasmid (Ambion, Kaufungen, Germany). Mutagenesis of the predicted target site seed
sequences of reporter constructs were performed by site directed mutagenesis and with
sequence specific primers. The miRNA expression plasmids are described elsewhere [23].
AKT3 coding sequence (accession number: NM_005465.3) was amplified from human
AKT3 gene cDNA clone plasmid (Hölzel Diagnostika Handels, Cologne, Germany) by PCR
and inserted into pcDNA3.1 expression plasmid (Thermo Fisher Scientific, Oberhausen,
Germany) for in vitro analysis. The primer sequences used for cloning and site directed
mutagenesis are shown in Supplemental Table S1.

4.9. Transfection

HEK293T cells were transfected with Polyfect Transfection Reagent (Qiagen, Hilden,
Germany) and LNCaP cells were transfected using jetPRIME (Polyplus transfection,
SeÂlestat, France) in accordance to manufacturer’s instructions.

4.10. Cell Proliferation Assay

3 × 105 LNCaP cells were seeded in 12-well plates, transfected with 2 µg expression
plasmid and cultivated for 24–72 h. Cell numbers were measured on days 0 to 3 after
transfection by detaching cells with trypsin and resuspending in 1 mL RPMI medium. For
automatic determination of cell numbers, CASY 1 cell counter (Schärfe System, Reutlingen,
Germany) was used.

4.11. Colony Formation Assay

1× 106 LNCaP cells were seeded in 6-well plates and transfected with 2 µg expression
plasmid. Cells were detached by trypsin 24 h after transfection and seeded in 6-well plates
(3000 cells/well). After culturing cells for 14 days, cultures were fixed for 5 min with
methanol containing 12.5% acetic acid, stained with 0.5% crystal violet methanol solution
for 25 min and washed with ddH2O. Wells were photographed using Fujifilm LAS-3000 gel
documentation system (Kleve, Germany).

4.12. Flow Cytometric Determination of Apoptosis

Cells were seeded in 24-well plates and transfected with 0.5 µg expression plas-
mid. After 24 h, cells were treated with 200 ng/mL Fas ligand (FasL; Immunotools,
Friesoythe, Germany), enzalutamide (10 µM final concentration; Hölzel Diagnostika,
Cologne, Germany) in androgen-reduced medium or docetaxel (20 nM final concentration;
Sigma-Aldrich, Munich, Germany) to induce apoptosis. Cells were collected three days
after transfection and stained with Annexin V-FITC (Immunotools, Friesoythe, Germany)
diluted 1:40 in 200 µl DMEM for 20 min on ice. Cells were washed with cold DMEM and
stained with 200 µL propidium iodide solution diluted 1:200 in DMEM. The acquisition
was directly performed utilizing a FACSCalibur System (Becton Dickinson, Franklin Lakes,
NJ, USA) and analyzed by Cell Quest Pro™ Version 6 (Becton Dickinson, Franklin Lakes,
NJ, USA).

4.13. Caspase 3/7 Activity Assay

Cells were seeded in 96-well plates and transfected with 0.1 µg expression plasmid.
After 24 h, cells were treated with 200 ng/mL Fas ligand (FasL), enzalutamide (10 µM
final concentration) in androgen-reduced medium or docetaxel (20 nM final concentration).
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To measure caspase activity the Caspase-Glo® 3/7 Assay System (Promega, Mannheim,
Germany) was used in accordance to manufacturer’s instructions. Determination of lu-
ciferase activity was carried out using FlexStation3 microplate reader (Molecular Devices,
Biberach an der Riß, Germany).

4.14. Target Gene Prediction

MiRNA target gene prediction was carried out using TargetScan (release 7.1; http:
//www.targetscan.org/)

4.15. Dual-Luciferase Assay

2 × 105 HEK293T were seeded in 24-well plates and were transfected with 0.8 µg
of expression plasmid and 0.2 µg reporter plasmid after 24 h. Luciferase reporter assays
were performed 48 h after transfection using the Dual-Luciferase Reporter Assay System
in accordance to manufacturer’s instructions (Promega, Mannheim, Germany).

4.16. Data Analysis and Statistical Methods

Statistical evaluation was performed with GraphPad Prism 7 (Statcon GmbH, Witzen-
hausen, Germany). All statistical tests were performed as two-sided Student’s t-test and
p values of <0.05 were distinguished as significant. Densitometrical analysis of western
blots and colony formation assays were quantified by ImageJ 1.48v (National Institute
of Health, Bethesda, USA). For statistical evaluation of AKT3 positive NE cells in im-
munofluorescence double staining from patients with neuroendocrine PCa, three areas of a
patient sample were documented and more than 20 neuroendocrine cells were analyzed
for AKT3 staining.

5. Conclusions

Neuroendocrine differentiated prostate carcinoma use other signaling pathways like
PI3K/AKT to become androgen independent and stimulate tumor progression. Here we
demonstrated the role of AKT3, a member of the AKT family in neuroendocrine prostate
cancer and the deregulation of AKT3 by miR-17 family members. Our basic functional
findings support the predominant studies that PI3K/AKT activity is necessary for neu-
roendocrine prostate cancer. The involvement of AKT3 in neuroendocrine differenti-
ated PCa could be used to develop a new treatment, combining an androgen decreasing
agent and an AKT inhibitor, which may enhance the health condition of patients with
metastatic castration-resistant PCa. Further, the suggested regulatory role of miR-17 fam-
ily on PI3K/AKT pathway members and the miR expression in samples from patients
with mCRPC should be particularly studied, to establish a new simplified method for the
diagnosis of the mCRPC.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/3/578/s1. Figure S1: Preparation of a patient cohort with neuroendocrine differentiated
PCa. To identify neuroendocrine differentiated areas in patients with advanced prostate cancer
(Gleason Score: ±3), tissue samples were HE and immunohistochemical stained with CHGA or SYP
as clinical marker for neuroendocrine differentiation. Five representative samples from patients
with high Gleason Score and CHGA as well as SYP positive areas are shown (Magnification: 100×,
scale bar: 400 µm). Figure S2: Establishment of antibodies used in immunofluorescence double
staining. Immunofluorescence staining of human gall bladder (A) and small intestine (B) was used
as antibody control. Immunostaining of DNA is shown in blue (DAPI). The anti-AKT3 mAb (clone
L47B1) shows AKT3 localization (green) in epithelial gall bladder cells, whereas anti-CHGA antibody
detects CHGA (red) and anti-SYP antibody detects SYP (red) in neuroendocrine cells inside the
epithelium of jejunum (Magnification: 400×, scale bar: 100 µm). Figure S3: Expression of AKT3 after
transfection of PCa cells with AKT3 expression vector was validated on protein level by western blot
analysis with anti-AKT3 mAb using β-actin as loading control (A–D). The results show increased
AKT3 protein expression in LNCaP cells 13.6-fold (A), 22Rv1 cells 16.8-fold (B), DU145 cells 7.4-fold
(C) and PC3 cells 11.6-fold (D). Effects of AKT3 expression on cellular behavior. Effects of AKT3

http://www.targetscan.org/
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https://www.mdpi.com/2072-6694/13/3/578/s1
https://www.mdpi.com/2072-6694/13/3/578/s1
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expression on cell growth and colony formation on LNCaP cells were analyzed after transfection
of LNCaP cells with control or AKT3 expression plasmid. Cell number was determined every 24 h
after transfection in four independent experiments (E). Colony forming ability was evaluated 14 days
after transfection, by fixing and staining colonies with crystal violet and densitometrical analysis.
Upper graph shows the mean ± SEM of four independent experiments, lower picture depicts one
representative result (F). AKT3 induction has no impact on proliferation or colony forming capacity
of LNCaP cells. Figure S4: Uncropped Western blot images. Table S1: Oligonucleotides sequences.
Table S2: Antibodies.

Author Contributions: Conception, M.W.; methodology, M.W. and J.T.D.; validation, M.W. and
E.D.C.; formal analysis, M.W.; investigation, M.W., E.D.C., S.T. and H.R.; resources, M.S.; data cu-
ration, M.W.; writing—original draft preparation, M.W.; writing—review and editing, M.W., J.T.D.,
E.D.C., M.S., H.R. and G.W.; visualization, M.W.; supervision, M.W., J.T.D. and G.W.; project adminis-
tration, M.W., J.T.D. and G.W.; funding acquisition, G.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Kantonale Ethikkomission (KEK) Bern (128/2015)

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data generated or analysed during this study are included in this
published article (and its supplementary information files).

Acknowledgments: We thank Bärbel Gobs-Hevelke, Natalie Knipp, Christian von Massow and
Ulrike Trottenberg for expert technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of

incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]
2. Stein, M.N.; Patel, N.; Bershadskiy, A.; Sokoloff, A.; Singer, E.A. Androgen synthesis inhibitors in the treatment of castration-

resistant prostate cancer. Asian J. Androl. 2014, 16, 387. [CrossRef] [PubMed]
3. Antonarakis, E.S. Enzalutamide: The emperor of all anti-androgens. Transl. Androl. Urol. 2013, 2, 119. [PubMed]
4. Balk, S.P. Androgen receptor as a target in androgen-independent prostate cancer. Urology 2002, 60, 132–138. [CrossRef]
5. Perrot, V. Neuroendocrine differentiation in the progression of prostate cancer: An update on recent developments. Open J. Urol.

2012, 2, 173. [CrossRef]
6. Abrahamsson, P. Neuroendocrine cells in tumour growth of the prostate. Endocr. Relat. Cancer 1999, 6, 503–519. [CrossRef]

[PubMed]
7. Shariff, A.H.; Ather, M.H. Neuroendocrine differentiation in prostate cancer. Urology 2006, 68, 2–8. [CrossRef]
8. Vashchenko, N.; Abrahamsson, P.-A. Neuroendocrine differentiation in prostate cancer: Implications for new treatment modalities.

Eur. Urol. 2005, 47, 147–155. [CrossRef]
9. Uchida, K.; Masumori, N.; Takahashi, A.; Itoh, N.; Kato, K.; Matusik, R.J.; Tsukamoto, T. Murine androgen-independent

neuroendocrine carcinoma promotes metastasis of human prostate cancer cell line LNCaP. Prostate 2006, 66, 536–545. [CrossRef]
10. Berruti, A.; Mosca, A.; Tucci, M.; Terrone, C.; Torta, M.; Tarabuzzi, R.; Russo, L.; Cracco, C.; Bollito, E.; Scarpa, R.M. Independent

prognostic role of circulating chromogranin A in prostate cancer patients with hormone-refractory disease. Endocr. Relat. Cancer
2005, 12, 109–117. [CrossRef]

11. Wu, C.; Huang, J. Phosphatidylinositol 3-kinase-AKT-mammalian target of rapamycin pathway is essential for neuroendocrine
differentiation of prostate cancer. J. Biol. Chem. 2007, 282, 3571–3583. [CrossRef] [PubMed]

12. Wee, P.; Wang, Z. Epidermal growth factor receptor cell proliferation signaling pathways. Cancers 2017, 9, 52.
13. Altomare, D.A.; Testa, J.R. Perturbations of the AKT signaling pathway in human cancer. Oncogene 2005, 24, 7455–7464. [PubMed]
14. Cheng, J.Q.; Lindsley, C.W.; Cheng, G.Z.; Yang, H.; Nicosia, S.V. The Akt/PKB pathway: Molecular target for cancer drug

discovery. Oncogene 2005, 24, 7482–7492. [CrossRef] [PubMed]
15. Yuan, T.; Cantley, L. PI3K pathway alterations in cancer: Variations on a theme. Oncogene 2008, 27, 5497–5510. [CrossRef]
16. Stahl, J.M.; Sharma, A.; Cheung, M.; Zimmerman, M.; Cheng, J.Q.; Bosenberg, M.W.; Kester, M.; Sandirasegarane, L.; Robertson,

G.P. Deregulated Akt3 activity promotes development of malignant melanoma. Cancer Res. 2004, 64, 7002–7010. [CrossRef]
17. Lin, F.-M.; Yost, S.E.; Wen, W.; Frankel, P.H.; Schmolze, D.; Chu, P.-G.; Yuan, Y.-C.; Liu, Z.; Yim, J.; Chen, Z. Differential gene

expression and AKT targeting in triple negative breast cancer. Oncotarget 2019, 10, 4356. [CrossRef]

http://doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://doi.org/10.4103/1008-682X.129133
http://www.ncbi.nlm.nih.gov/pubmed/24759590
http://www.ncbi.nlm.nih.gov/pubmed/24076589
http://doi.org/10.1016/S0090-4295(02)01593-5
http://doi.org/10.4236/oju.2012.223032
http://doi.org/10.1677/erc.0.0060503
http://www.ncbi.nlm.nih.gov/pubmed/10730904
http://doi.org/10.1016/j.urology.2006.02.002
http://doi.org/10.1016/j.eururo.2004.09.007
http://doi.org/10.1002/pros.20369
http://doi.org/10.1677/erc.1.00876
http://doi.org/10.1074/jbc.M608487200
http://www.ncbi.nlm.nih.gov/pubmed/17148458
http://www.ncbi.nlm.nih.gov/pubmed/16288292
http://doi.org/10.1038/sj.onc.1209088
http://www.ncbi.nlm.nih.gov/pubmed/16288295
http://doi.org/10.1038/onc.2008.245
http://doi.org/10.1158/0008-5472.CAN-04-1399
http://doi.org/10.18632/oncotarget.27026


Cancers 2021, 13, 578 20 of 21

18. Li, Y.; Dong, W.; Yang, H.; Xiao, G. Propofol suppresses proliferation and metastasis of colorectal cancer cells by regulating
miR-124-3p. 1/AKT3. Biotechnol. Lett. 2020, 42, 493–504. [CrossRef]

19. Zinda, M.J.; Johnson, M.A.; Paul, J.D.; Horn, C.; Konicek, B.W.; Lu, Z.H.; Sandusky, G.; Thomas, J.E.; Neubauer, B.L.; Lai, M.T.
AKT-1,-2, and-3 are expressed in both normal and tumor tissues of the lung, breast, prostate, and colon. Clin. Cancer Res. 2001, 7,
2475–2479.

20. Nakatani, K.; Thompson, D.A.; Barthel, A.; Sakaue, H.; Liu, W.; Weigel, R.J.; Roth, R.A. Up-regulation of Akt3 in estrogen
receptor-deficient breast cancers and androgen-independent prostate cancer lines. J. Biol. Chem. 1999, 274, 21528–21532. [CrossRef]

21. Le Page, C.; Koumakpayi, I.; Alam-Fahmy, M.; Mes-Masson, A.; Saad, F. Expression and localisation of Akt-1, Akt-2 and Akt-3
correlate with clinical outcome of prostate cancer patients. Br. J. Cancer 2006, 94, 1906–1912. [CrossRef] [PubMed]

22. Alwhaibi, A.; Kolhe, R.; Gao, F.; Cobran, E.K.; Somanath, P.R. Genome atlas analysis based profiling of Akt pathway genes in the
early and advanced human prostate cancer. Oncoscience 2019, 6, 317. [CrossRef] [PubMed]

23. Dankert, J.T.; Wiesehöfer, M.; Czyrnik, E.D.; Singer, B.B.; von Ostau, N.; Wennemuth, G. The deregulation of miR-17/CCND1 axis
during neuroendocrine transdifferentiation of LNCaP prostate cancer cells. PLoS ONE 2018, 13, e0200472. [CrossRef] [PubMed]

24. Coppola, V.; De Maria, R.; Bonci, D. MicroRNAs and prostate cancer. Endocr. Relat. Cancer 2010, 17, F1. [CrossRef] [PubMed]
25. Szczyrba, J.; Löprich, E.; Wach, S.; Jung, V.; Unteregger, G.; Barth, S.; Grobholz, R.; Wieland, W.; Stöhr, R.; Hartmann, A.

The microRNA profile of prostate carcinoma obtained by deep sequencing. Mol. Cancer Res. 2010, 8, 529–538. [CrossRef]
26. Wach, S.; Nolte, E.; Szczyrba, J.; Stöhr, R.; Hartmann, A.; Ørntoft, T.; Dyrskjøt, L.; Eltze, E.; Wieland, W.; Keck, B. MicroRNA

profiles of prostate carcinoma detected by multiplatform microRNA screening. Int. J. Cancer 2012, 130, 611–621. [CrossRef]
27. Chlenski, A.; Nakashiro, K.i.; Ketels, K.V.; Korovaitseva, G.I.; Oyasu, R. Androgen receptor expression in androgen-independent

prostate cancer cell lines. Prostate 2001, 47, 66–75.
28. Smith, R.; Liu, M.; Liby, T.; Bayani, N.; Bucher, E.; Chiotti, K.; Derrick, D.; Chauchereau, A.; Heiser, L.; Alumkal, J. Enzalutamide

response in a panel of prostate cancer cell lines reveals a role for glucocorticoid receptor in enzalutamide resistant disease. Sci. Rep.
2020, 10, 1–13. [CrossRef]

29. Khurana, N.; Kim, H.; Chandra, P.K.; Talwar, S.; Sharma, P.; Abdel-Mageed, A.B.; Sikka, S.C.; Mondal, D. Multimodal actions of
the phytochemical sulforaphane suppress both AR and AR-V7 in 22Rv1 cells: Advocating a potent pharmaceutical combination
against castration-resistant prostate cancer. Oncol. Rep. 2017, 38, 2774–2786. [CrossRef]

30. Zhang, T.; Karsh, L.I.; Nissenblatt, M.J.; Canfield, S.E. Androgen receptor splice variant, AR-V7, as a biomarker of resistance to
androgen axis-targeted therapies in advanced prostate cancer. Clin. Genitourin. Cancer 2020, 18, 1–10. [CrossRef]

31. Li, Y.; Chan, S.C.; Brand, L.J.; Hwang, T.H.; Silverstein, K.A.; Dehm, S.M. Androgen receptor splice variants mediate enzalutamide
resistance in castration-resistant prostate cancer cell lines. Cancer Res. 2013, 73, 483–489. [CrossRef] [PubMed]

32. Di Sant’Agnese, P.A.; de Mesy Jensen, K.L. Endocrine-paracrine cells of the prostate and prostatic urethra: An ultrastructural
study. Human Pathol. 1984, 15, 1034–1041. [CrossRef]

33. Di Sant’Agnese, P.A. Neuroendocrine cells of the prostate and neuroendocrine differentiation in prostatic carcinoma: A review of
morphologic aspects. Urology 1998, 51, 121–124. [CrossRef]

34. Szczyrba, J.; Niesen, A.; Wagner, M.; Wandernoth, P.M.; Aumüller, G.; Wennemuth, G. Neuroendocrine cells of the prostate derive
from the neural crest. J. Biol. Chem. 2017, 292, 2021–2031. [CrossRef]

35. Tai, S.; Sun, Y.; Squires, J.M.; Zhang, H.; Oh, W.K.; Liang, C.Z.; Huang, J. PC3 is a cell line characteristic of prostatic small cell
carcinoma. Prostate 2011, 71, 1668–1679. [CrossRef] [PubMed]

36. Ather, M.H.; Abbas, F.; Faruqui, N.; Israr, M.; Pervez, S. Correlation of three immunohistochemically detected markers of
neuroendocrine differentiation with clinical predictors of disease progression in prostate cancer. BMC Urol. 2008, 8, 21. [CrossRef]

37. Kasprzak, A.; Zabel, M.; Biczysko, W.a. Selected markers (chromogranin A, neuron-specific enolase, synaptophysin, protein gene
product 9.5) in diagnosis and prognosis of neuroendocrine pulmonary tumours. Pol. J. Pathol. 2007, 58, 23–33.

38. Brunet, A.; Bonni, A.; Zigmond, M.J.; Lin, M.Z.; Juo, P.; Hu, L.S.; Anderson, M.J.; Arden, K.C.; Blenis, J.; Greenberg, M.E.
Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription factor. Cell 1999, 96, 857–868. [CrossRef]

39. Das, T.; Suman, S.; Alatassi, H.; Ankem, M.; Damodaran, C. Inhibition of AKT promotes FOXO3a-dependent apoptosis in prostate
cancer. Cell Death Dis. 2016, 7, e2111. [CrossRef]

40. Cross, D.A.; Alessi, D.R.; Cohen, P.; Andjelkovich, M.; Hemmings, B.A. Inhibition of glycogen synthase kinase-3 by insulin
mediated by protein kinase B. Nature 1995, 378, 785–789. [CrossRef]

41. Pap, M.; Cooper, G.M. Role of glycogen synthase kinase-3 in the phosphatidylinositol 3-Kinase/Akt cell survival pathway.
J. Biol. Chem. 1998, 273, 19929–19932. [CrossRef] [PubMed]

42. Mulholland, D.; Dedhar, S.; Wu, H.; Nelson, C. PTEN and GSK3 β: Key regulators of progression to androgen-independent
prostate cancer. Oncogene 2006, 25, 329–337. [CrossRef] [PubMed]

43. Liu, L.; Yan, X.; Wu, D.; Yang, Y.; Li, M.; Su, Y.; Yang, W.; Shan, Z.; Gao, Y.; Jin, Z. High expression of Ras-related protein 1A
promotes an aggressive phenotype in colorectal cancer via PTEN/FOXO3/CCND1 pathway. J. Exp. Clin. Cancer Res. 2018, 37,
178. [CrossRef] [PubMed]

44. Ai, B.; Kong, X.; Wang, X.; Zhang, K.; Yang, X.; Zhai, J.; Gao, R.; Qi, Y.; Wang, J.; Wang, Z. LINC01355 suppresses breast cancer
growth through FOXO3-mediated transcriptional repression of CCND1. Cell Death Dis. 2019, 10, 1–13. [CrossRef] [PubMed]

45. Diehl, J.A.; Zindy, F.; Sherr, C.J. Inhibition of cyclin D1 phosphorylation on threonine-286 prevents its rapid degradation via the
ubiquitin-proteasome pathway. Genes Dev. 1997, 11, 957–972. [CrossRef]

http://doi.org/10.1007/s10529-019-02787-y
http://doi.org/10.1074/jbc.274.31.21528
http://doi.org/10.1038/sj.bjc.6603184
http://www.ncbi.nlm.nih.gov/pubmed/16721361
http://doi.org/10.18632/oncoscience.482
http://www.ncbi.nlm.nih.gov/pubmed/31360736
http://doi.org/10.1371/journal.pone.0200472
http://www.ncbi.nlm.nih.gov/pubmed/30001402
http://doi.org/10.1677/ERC-09-0172
http://www.ncbi.nlm.nih.gov/pubmed/19779034
http://doi.org/10.1158/1541-7786.MCR-09-0443
http://doi.org/10.1002/ijc.26064
http://doi.org/10.1038/s41598-020-78798-x
http://doi.org/10.3892/or.2017.5932
http://doi.org/10.1016/j.clgc.2019.09.015
http://doi.org/10.1158/0008-5472.CAN-12-3630
http://www.ncbi.nlm.nih.gov/pubmed/23117885
http://doi.org/10.1016/S0046-8177(84)80246-4
http://doi.org/10.1016/S0090-4295(98)00064-8
http://doi.org/10.1074/jbc.M116.755082
http://doi.org/10.1002/pros.21383
http://www.ncbi.nlm.nih.gov/pubmed/21432867
http://doi.org/10.1186/1471-2490-8-21
http://doi.org/10.1016/S0092-8674(00)80595-4
http://doi.org/10.1038/cddis.2015.403
http://doi.org/10.1038/378785a0
http://doi.org/10.1074/jbc.273.32.19929
http://www.ncbi.nlm.nih.gov/pubmed/9685326
http://doi.org/10.1038/sj.onc.1209020
http://www.ncbi.nlm.nih.gov/pubmed/16421604
http://doi.org/10.1186/s13046-018-0827-y
http://www.ncbi.nlm.nih.gov/pubmed/30064475
http://doi.org/10.1038/s41419-019-1741-8
http://www.ncbi.nlm.nih.gov/pubmed/31243265
http://doi.org/10.1101/gad.11.8.957


Cancers 2021, 13, 578 21 of 21

46. Diehl, J.A.; Cheng, M.; Roussel, M.F.; Sherr, C.J. Glycogen synthase kinase-3β regulates cyclin D1 proteolysis and subcellular
localization. Genes Dev. 1998, 12, 3499–3511.

47. Chen, Y.; Martinez, L.A.; LaCava, M.; Coghlan, L.; Conti, C.J. Increased cell growth and tumorigenicity in human prostate LNCaP
cells by overexpression to cyclin D1. Oncogene 1998, 16, 1913–1920. [CrossRef]

48. Drobnjak, M.; Osman, I.; Scher, H.I.; Fazzari, M.; Cordon-Cardo, C. Overexpression of cyclin D1 is associated with metastatic
prostate cancer to bone. Clin. Cancer Res. 2000, 6, 1891–1895.

49. Lin, H.-P.; Lin, C.-Y.; Huo, C.; Jan, Y.-J.; Tseng, J.-C.; Jiang, S.S.; Kuo, Y.-Y.; Chen, S.-C.; Wang, C.-T.; Chan, T.-M. AKT3 promotes
prostate cancer proliferation cells through regulation of Akt, B-Raf & TSC1/TSC2. Oncotarget 2015, 6, 27097.

50. Shao, Y.; Aplin, A.E. Akt3-mediated resistance to apoptosis in B-RAF–targeted melanoma cells. Cancer Res. 2010, 70, 6670–6681.
[CrossRef]

51. Xie, S.; Lin, H.K.; Ni, J.; Yang, L.; Wang, L.; di Sant’Agnese, P.A.; Chang, C. Regulation of interleukin-6-mediated PI3K activation
and neuroendocrine differentiation by androgen signaling in prostate cancer LNCaP cells. Prostate 2004, 60, 61–67. [CrossRef]
[PubMed]

52. Martín-Orozco, R.M.; Almaraz-Pro, C.; Rodríguez-Ubreva, F.J.; Cortés, M.A.; Ropero, S.; Colomer, R.; López-Ruiz, P.; Colás,
B. EGF Prevents the Neuroendocrine Differentiation of LNCaP Cells Induced By Serum Deprivation: The Modulator Role of
P13K/Akt. Neoplasia 2007, 9, 614–624. [CrossRef] [PubMed]

53. ChunJiao, S.; Huan, C.; ChaoYang, X.; GuoMei, R. Uncovering the roles of miRNAs and their relationship with androgen receptor
in prostate cancer. IUBMB Life 2014, 66, 379–386. [CrossRef] [PubMed]

54. Guo, J.; Mei, Y.; Li, K.; Huang, X.; Yang, H. Downregulation of miR-17-92a cluster promotes autophagy induction in response to
celastrol treatment in prostate cancer cells. Biochem. Biophys. Res. Commun. 2016, 478, 804–810. [CrossRef]

55. Bhardwaj, A.; Singh, H.; Rajapakshe, K.; Tachibana, K.; Ganesan, N.; Pan, Y.; Gunaratne, P.H.; Coarfa, C.; Bedrosian, I. Regulation
of miRNA-29c and its downstream pathways in preneoplastic progression of triple-negative breast cancer. Oncotarget 2017, 8,
19645. [CrossRef]

56. De Bono, J.S.; De Giorgi, U.; Rodrigues, D.N.; Massard, C.; Bracarda, S.; Font, A.; Arija, J.A.A.; Shih, K.C.; Radavoi, G.D.; Xu,
N. Randomized phase II study evaluating Akt blockade with ipatasertib, in combination with abiraterone, in patients with
metastatic prostate cancer with and without PTEN loss. Clin. Cancer Res. 2019, 25, 928–936.

57. Ipatasertib Plus Abiraterone Plus Prednisone/Prednisolone, Relative to Placebo Plus Abiraterone Plus Prednisone/Prednisolone
in Adult Male Patients with Metastatic Castrate-Resistant Prostate Cancer. Available online: https://ClinicalTrials.gov/show/
NCT03072238 (accessed on 12 October 2020).

58. Spahn, M.; Kneitz, S.; Scholz, C.J.; Stenger, N.; Rüdiger, T.; Ströbel, P.; Riedmiller, H.; Kneitz, B. Expression of microRNA-221
is progressively reduced in aggressive prostate cancer and metastasis and predicts clinical recurrence. Int. J. Cancer 2010, 127,
394–403.

59. Kneitz, B.; Krebs, M.; Kalogirou, C.; Schubert, M.; Joniau, S.; van Poppel, H.; Lerut, E.; Kneitz, S.; Scholz, C.J.; Ströbel, P. Survival
in patients with high-risk prostate cancer is predicted by miR-221, which regulates proliferation, apoptosis, and invasion of
prostate cancer cells by inhibiting IRF2 and SOCS3. Cancer Res. 2014, 74, 2591–2603. [CrossRef]

60. D’Amico, A.V.; Whittington, R.; Malkowicz, S.B.; Schultz, D.; Blank, K.; Broderick, G.A.; Tomaszewski, J.E.; Renshaw, A.A.;
Kaplan, I.; Beard, C.J. Biochemical outcome after radical prostatectomy, external beam radiation therapy, or interstitial radiation
therapy for clinically localized prostate cancer. JAMA 1998, 280, 969–974. [CrossRef]

http://doi.org/10.1038/sj.onc.1201719
http://doi.org/10.1158/0008-5472.CAN-09-4471
http://doi.org/10.1002/pros.20048
http://www.ncbi.nlm.nih.gov/pubmed/15129430
http://doi.org/10.1593/neo.07337
http://www.ncbi.nlm.nih.gov/pubmed/17898861
http://doi.org/10.1002/iub.1281
http://www.ncbi.nlm.nih.gov/pubmed/24979663
http://doi.org/10.1016/j.bbrc.2016.08.029
http://doi.org/10.18632/oncotarget.14902
https://ClinicalTrials.gov/show/NCT03072238
https://ClinicalTrials.gov/show/NCT03072238
http://doi.org/10.1158/0008-5472.CAN-13-1606
http://doi.org/10.1001/jama.280.11.969


This text is made available via DuEPublico, the institutional repository of the University of
Duisburg-Essen. This version may eventually differ from another version distributed by a
commercial publisher.

DOI:
URN:

10.3390/cancers13030578
urn:nbn:de:hbz:464-20210602-152052-9

This work may be used under a Creative Commons Attribution 4.0
License (CC BY 4.0).

https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.3390/cancers13030578
https://nbn-resolving.org/urn:nbn:de:hbz:464-20210602-152052-9
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results 
	AKT3 Expression Is Increased in NE-Like LNCaP Cells 
	AKT3 Protein Expression Negatively Correlates with AR Signaling 
	Neuroendocrine Differentiated PCa Cells Express AKT3 
	AKT3 Signaling Pathway Is Activated in NE-Like LNCaP Cells 
	Expression of AKT3 Has an Anti-Apoptotic Effect on AR-Positive LNCaP Cells 
	Members of miR-17 Family Post-Transcriptionally Regulate AKT3 Biosynthesis 

	Discussion 
	Materials and Methods 
	Cell Lines 
	RNA Extraction 
	Quantitative Real-Time PCR 
	SDS-PAGE and Western Blotting 
	Human Prostate Specimens 
	Immunohistochemistry 
	Double Immunofluorescence 
	Plasmids 
	Transfection 
	Cell Proliferation Assay 
	Colony Formation Assay 
	Flow Cytometric Determination of Apoptosis 
	Caspase 3/7 Activity Assay 
	Target Gene Prediction 
	Dual-Luciferase Assay 
	Data Analysis and Statistical Methods 

	Conclusions 
	References
	Infobox DuEPublico

