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ABSTRACT
The use of peptides that target cancer cells and induce anticancer activities 

through various mechanisms is developing as a potential anticancer strategy. KUD983, 
an enantiomerically pure β-dipeptide derivative, displays potent activity against 
hormone-refractory prostate cancer (HRPC) PC-3 and DU145 cells with submicromolar 
IC50. KUD983 induced G1 arrest of the cell cycle and subsequent apoptosis associated 
with down-regulation of several related proteins including cyclin D1, cyclin E and 
Cdk4, and the de-phosphorylation of RB. The levels of nuclear and total c-Myc protein, 
which could increase the expression of both cyclin D1 and cyclin E, were profoundly 
inhibited by KUD983. Furthermore, it inhibited PI3K/Akt and mTOR/p70S6K/4E-BP1 
pathways, the key signaling in multiple cellular functions. The transient transfection of 
constitutively active myristylated Akt (myr-Akt) cDNA significantly rescued KUD983-
induced caspase activation but did not blunt the inhibition of mTOR/p70S6K/4E-BP1 
signaling cascade suggesting the presence of both Akt-dependent and -independent 
pathways. Moreover, KUD983-induced effect was enhanced with the down-regulation 
of anti-apoptotic Bcl-2 members (e.g., Bcl-2, and Mcl-1) and IAP family members (e.g., 
survivin). Notably, KUD983 induced autophagic cell death using confocal microscopic 
examination, tracking the level of conversion of LC3-I to LC3-II and flow cytometric 
detection of acidic vesicular organelles-positive cells. In conclusion, the data suggest 
that KUD983 is an anticancer β-dipeptide against HRPCs through the inhibition of cell 
proliferation and induction of apoptotic and autophagic cell death. The suppression 
of signaling pathways regulated by c-Myc, PI3K/Akt and mTOR/p70S6K/4E-BP1 and 
the collaboration with down-regulation of Mcl-1 and survivin may explain KUD983-
induced anti-HRPC mechanism.

                                                     Research Paper



Oncotarget96669www.impactjournals.com/oncotarget

INTRODUCTION

Carcinoma of the prostate is one of the most 
frequently diagnosed cancers in men. With adequate 
treatment, the 5-year relative survival rate of localized 
and regional prostate cancers is 100% in the United 
States; however, the rate drops to less than 30% if a distant 
metastasis occurs at the time of diagnosis [1]. Androgen-
deprivation therapy has been the mainstay of therapy for 
advanced metastatic prostate cancer. However, the growth 
of hormone-refractory prostate cancer (HRPC) occurs 
ultimately after an 18- to 24-month treatment [2]. Several 
mechanisms are responsible to the occurrence of HRPC, 
including alterations in the androgen receptor gene, 
crosstalk between androgen receptors and growth factors, 
and activation of alternative signaling pathways for cell 
survival and proliferation [2–4]. The phosphoinositide 
3-kinase (PI3K)/Akt/mTOR signaling pathway is always 
constitutively activated in advanced stages of prostate 
cancer [5, 6]. The phosphatase and tensin homolog deleted 
on chromosome 10 (PTEN), a negative regulator of PI3K/
Akt/mTOR signaling, has been originally discovered as a 
tumor suppressor mutated and lost in various cancers [7] 
and the consequential increased PI3K activity is associated 
with a high Gleason score and with advanced pathological 
stage disease, suggesting a pivotal role of PI3K pathway 
in HRPC [8, 9].

The mammalian target of rapamycin (mTOR) 
pathway functions as a key regulator of cell metabolism, 
proliferation, growth and survival [10]. The key 
component of mTORC1 complex consists of serine/
threonine kinase TOR and several other proteins, 
regulating its activity. The mTOR is deregulated in several 
diseases such as cancer and diabetes [10–12]. Decreased 
PTEN levels and increased PI3K activity are responsible 
for the deregulated mTORC1 activity. Recent studies 
have suggested that mTOR is important in the initiation 
and progression of prostate cancer, where it participates 
in forming precursor lesions such as high grade prostatic 
intraepithelial neoplasia, and proliferative inflammatory 
atrophy of the prostate [13]. Therefore, mTOR inhibition 
might be a potential therapeutic strategy against prostate 
cancer. However, several studies have suggested that 
mTOR inhibitors as a monotherapy are inadequate for the 
treatment of HRPC probably because of a compensatory 
survival mechanism after mTOR inhibition. Therefore, 
combinatorial targeting of PI3K, mTOR and the androgen 
receptor might be more feasible since a mutual interaction 
between PI3K and androgen receptor signaling is behind 
the inefficacy of mTOR inhibitors in HRPC [14].

Cyclin D1 together with cyclin dependent kinase 
(Cdk) 4 or 6 forms active complexes in inducing G1 to S 
phase progression of cell cycle through phosphorylating 
and inactivating the retinoblastoma (Rb) protein 
[15]. Cyclin D1 is important for the development and 
progression of a wide variety of cancers including prostate 

cancer [15, 16]. However, cyclin D1 protein is unstable 
with a short half-life less than thirty minutes. Ubiquitin-
dependent degrading activity of 26S proteasome explains 
the degradation of cyclin D1 protein [17, 18]. Numerous 
anticancer molecules, such as lovastatin, troglitazone, 
trichostatin A, acetylsalicylic acid and resveratrol have 
been demonstrated to induce cyclin D1 degradation [15]. 
The mTORC1 inhibitor, rapamycin, induces G1 arrest and 
inhibits cell proliferation partly by suppressing cyclin D1 
mRNA translation and inducing its ubiquitin-dependent 
degradation [19, 20]. Accordingly, cyclin D1 is an 
attractive target for the development of anticancer therapy.

The use of peptides that directly target cancer cells 
and induce cytotoxicity through various mechanisms is 
developing as a potential anticancer strategy. Peptide-
based therapy has been widely studied and utilized for 
the treatment of breast and prostate cancers [21]. We have 
developed an unprecedented synthetic method towards 
alternating β-proline oligomers and synthesized a series 
of short, well-defined β-proline peptides in both racemic 
and enantiomerically pure forms [22]. Subsequent testing 
of antiproliferative activity against HRPC cancer cell 
line PC-3 revealed the racemic β-dipeptide derivative 
with submicromolar activity [23]. Here we performed 
asymmetric synthesis of both enantiomeric forms, 
KUD983 and KUD984, of the previously identified 
hit racemic compound and determined the enantiomer 
providing major contribution to antiproliferation. 
After a screening test of anti-proliferative effect, 
KUD983 displays potent activity against HRPCs. More 
importantly, it is 18-fold more potent than its enantiomer 
(mirror isomer) KUD984. Accordingly, the anticancer 
mechanisms of these β-peptides have been elucidated for 
further development. To the best of our knowledge, this 
is the first paper to study the β-proline based dipeptide on 
inducing anticancer activity through both Akt-dependent 
and -independent pathways in both DU145 (PTEN+/−) and 
PC-3 (PTEN−/−) cells.

RESULTS

KUD983 and KUD984 induce anti-proliferative 
effects in HRPCs

PC-3 and DU145 are two HRPC cell lines with 
different PTEN status (DU145-PTEN+/−; PC-3-PTEN−/–). 
Besides, both cell lines express androgen receptor [24]. 
Loss of PTEN expression occurs in PC-3, whereas 
DU145 expresses wild type PTEN. Both enantiomers 
KUD983 and KUD984 induced concentration-dependent 
anti-proliferation in PC-3 and DU145 cells using 
sulforhodamine B colorimetric assay. KUD983 showed 
18- to 21-fold higher activity than KUD984 with IC50 
values of 0.56 ± 0.07 vs. 9.95 ± 1.64 μM respectively in 
PC-3 and 0.50 ± 0.04 vs.10.67 ± 0.84 μM respectively in 
DU145 (Figure 1A). The inhibition of cell proliferation 
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was further validated by CFSE-based labeling assay. 
CFSE fluorescent dye conjugates to cellular proteins 
and is allocated evenly to daughter cells after cell 
division. The detection and analysis of CFSE labeling 
can differentiate between parent and daughter cells. The 
analysis of fluorescence intensity and the population 
distribution showed that a high proportion of the lower-
numbered generations retained the fluorescence after 
the exposure of PC-3 cells to both KUD983 (1 μM) and 
KUD984 (10 μM); furthermore, the proliferation indices 
were also significantly reduced by both compounds 
(Figure 1B). Similar effects were obtained in DU145 
cells (Supplementary Figure 1). The data confirm the anti-
proliferative activities of both KUD enantiomers.

KUD983 induces G1 arrest of the cell cycle and 
subsequent apoptosis

To determine whether changes in cell cycle 
progression accompanied the anti-proliferative effect, 
PC-3 cells were synchronized by using thymidine block 
treatment and cell cycle profiles were compared after the 
release from thymidine block in the absence or presence 
of KUD983. Upon the release from thymidine block, the 
cells in control group progressed into G2/M phase and 
then, into G1 phase after the release for 12 h, followed 
by another cell cycle (Figure 2A). In contrast, KUD983 
induced a gradual increase and accumulation of G1 cell 
proportion followed by an increase in that of sub-G1 
phase (apoptosis population) (Figure 2B). Similar effects 
were observed in DU145 cells (Supplementary Figure 2). 
Furthermore, the apoptotic sub-G1 population and 
quantitative DNA fragmentation (apoptosis) induced 
by KUD983 demonstrated a concentration-dependent 
apoptosis (Figure 2C and 2D). 

KUD983 induces a profound inhibition of cell 
cycle regulators

Cdk activity is regulated by the levels of cyclin 
partners and by the association with intrinsic Cdk 
inhibitors. The cyclin D1/Cdk4 is a key complex in the 
determination of cell cycle progression through G1 
phase [15]. Cyclin E binds to Cdk2, forming a complex 
and playing a critical role in the G1 phase and G1-S 
phase transition. Both cyclin D1/Cdk4 and cyclin E/
Cdk2 complexes phosphorylate Rb protein to promote 
G1 progression [15, 25]. After exposure of cells to 
KUD983 for 6 and 12 h, the protein levels of several cell 
cycle regulators were dramatically decreased in PC-3 
(Figure 3A) and DU-145 cells (Supplementary Figure 3). 
In contrast, the protein expression of cyclin E was down-
regulated at a 12-h treatment with KUD983 (Figure 3A 
and Supplementary Figure 3). The Cdk inhibitors p21 and 
p27 bind to cyclin/Cdk complexes to inhibit their catalytic 
activity and induce cell-cycle arrest in response to various 

stimuli. They are clearly positioned to serve as both a 
sensor and an effector of numerous anti-proliferative 
signals [26]. The lower concentrations of KUD983 
(e.g., 1 and 3 μM) induced an increase of p21 protein 
level in PC-3 that was correlated to down-regulated 
expressions of cyclin D1, Cdk4 and phosphorylated Rb, 
indicating the well documented role of p21 as a Cdk 
inhibitor (Figure 3B). Notably, the higher concentrations 
of KUD983 (e.g., 10 μM) which induced cell apoptosis 
had no effect on p21 expression in PC-3, but instead led 
to a dramatic increase of phosphorylated p27 expression 
(Figure 3B). Various mechanisms have been reported to be 
responsible for increasing p27 phosphorylation in which 
the autophagy decision making is an important involved 
process (please see below for details). In contrast, p27 
was a dominant Cdk inhibitor in DU145 cells and was up-
regulated by KUD983 (Supplementary Figure 4). 

KUD983 inhibits PI3K/Akt and mTOR 
pathways and down-regulates several anti-
apoptotic proteins

PI3K is a lipid kinase and generates phosphatidyl 
inositol-3,4,5-trisphosphate, a second messenger for Akt 
translocation and activation. PI3K/Akt pathway plays 
a key role in multiple cellular functions such as cell 
proliferation and survival, and is always constitutively 
activated in advanced stages of prostate cancer [5, 6]. 
mTOR/p70S6K pathway integrates both intracellular 
and extracellular signals, serving as a key regulator 
of cell metabolism, proliferation, growth and survival 
[10]. KUD983 resulted in a decreased phosphorylation 
of PI3K (Tyr458/199), Akt (Ser473), mTOR (Ser2448) 
and p70S6K (Thr389), indicating the inhibition of 
these kinases activities (Figure 4A). Notably, 4E-BP1 
separated three different forms: α, β, and γ. The β and 
γ bands represented highly phosphorylated forms of the 
protein whereas the α band corresponded to the weakly 
phosphorylated form. The data showed that KUD983 
induced a shift in the distribution of the protein in favor of 
the α form (Figure 4A) that was similar to rapamycin (an 
mTOR inhibitor) with almost all of the protein appearing 
as the α-form [27, 28].

Bcl-2 family of both pro-apoptotic (e.g., Bax, Bid 
and Bad) and anti-apoptotic members (e.g., Bcl-2, Bcl-
xL and Mcl-1) govern mitochondrial outer membrane 
permeabilization. Overexpression of anti-apoptotic Bcl-2 
family members explains the chemo-resistance mechanism 
in numerous types of cancers during chemotherapy [29]. 
Survivin, a member of the inhibitor of apoptosis (IAP) 
family, is another chemo-resistant protein and serves as an 
inhibitor to block caspase activation and apoptosis. The 
survivin protein also is highly expressed in a wide variety 
of human tumors [30]. These studies encourage targeted 
approaches on anti-apoptotic proteins to circumvent the 
clinical problem. As a result, KUD983 induced a dramatic 
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Figure 1: Effect of KUD983 and KUD984 on cell proliferation in PC-3 and DU145 cells. The graded concentrations of the 
compound were added to PC-3 and DU-145 cells for 48 h (A) or the indicated concentration (KUD983, 1 μM; KUD984 10 μM) was added 
to PC-3 cells for 24 to 72 h (B). After the treatment, the cells were fixed and stained for SRB assay (A) or labeled with CFSE for flow 
cytometric analysis (B). Gray curve, total cell counts; black curve, total cells in all generations; color area, population of different generation 
(B). Data are expressed as mean ± SEM of three to five determinations. **P < 0.01 and ***P < 0.001 compared with the respective control.
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Figure 2: Effect of KUD983 on cell-cycle progression. (A) Synchronization of PC-3 cells was performed by thymidine block as 
described in the Materials and Methods section. Then, the cells were released in the absence (upper panel) or presence of 3 µM KUD983 
for the indicated times. Quantitative data of each phase (B) and sub-G1 population at a 12-hour KUD983 treatment (C) were provided. (D) 
The DNA fragmentation was determined by the detection of nucleosomal DNA. Data are expressed as mean ± SEM of three independent 
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the respective control.
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decrease of the expression of several anti-apoptotic 
proteins, including Bcl-2, Mcl-1 and survivin, leading 
to activation of caspases (Figure 4B). Moreover, down-
regulation of both Mcl-1 and survivin during KUD983 
treatment was with similar efficiency to that of cell cycle 
regulators (Figure 3A) but was much more susceptible 
than caspase activation (Figure 4B), suggesting that  
Mcl-1 and survivin might be crucial regulators on 
the control of cell cycle progression in spite of their 
anti-apoptotic properties. Furthermore, because Bcl-2 
family members govern mitochondrial outer membrane 

permeabilization, KUD983 induced a time- and 
concentration-dependent loss of mitochondrial membrane 
potential confirming the crucial role of Bcl-2 family of 
proteins (Supplementary Figure 5).

Akt contributes to KUD983-induced caspase 
activation but not inhibition of mTOR and cell 
cycle regulators

Akt regulates a number of downstream signaling 
proteins to control cell proliferation, survival, cell death 

Figure 3: Effect of KUD983 on the expression of several cell cycle regulators. PC-3 cells were incubated in the absence or 
presence of KUD983 for the indicated time. Cells were harvested and lysed for the detection of the indicated protein expression by Western 
blot analysis. The expression was quantified using the computerized image analysis system ImageQuant (Amersham Biosciences). The data 
are expressed as mean ± SEM of three to five independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control. 
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Figure 4: Effect of KUD983 on the expression of several proteins. PC-3 cells were incubated in the absence or presence of 
KUD983 for the indicated time. Cells were harvested and lysed for the detection of the indicated protein expression by Western blot 
analysis. The expression was quantified using the computerized image analysis system ImageQuant (Amersham Biosciences). The data 
are expressed as mean ± SEM of three to four independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control. 
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and motility [5, 31, 32]. The mTOR is one of the most 
widely studied downstream effectors that in turn affect the 
transcription and activity of p70S6K [10–13]. However, 
increasing lines of evidence support the participation 
of Akt-independent mTOR signaling in the regulation 
of various cellular functions such as cell adhesion, 
invasion, cell cycle progression and apoptosis [33–35]. 
To determine the functional role of Akt, PC-3 cells were 
transfected with constitutively active Akt (myr-Akt) and 
several protein expressions were examined. Consequently, 
overexpression of myr-Akt significantly inhibited 
KUD983-induced caspase activation but not the other 
cellular signaling pathways, such as cell cycle regulation 
(e.g., RB phosphorylation) and mTOR translational 
pathway (e.g., mTOR and 4E-BP1) (Figure 5), indicating 
the involvement of Akt-independent mTOR signaling to 
KUD983 action.

KUD983 down-regulates nuclear and total levels 
of c-Myc protein expression

C-myc is an oncogene which functions both in the 
stimulation of cell proliferation and apoptosis. c-Myc 
collaborating with various growth factor receptors on the 
coordination of cyclin D1 expression is a key participant 

in cell cycle progression, in which aberrancies have been 
associated with malignant transformation [36]. Recently, 
several lines of evidence suggest that c-Myc increases 
protein synthesis during tumorigenesis not only through 
transcriptional contribution but also by stimulating 
mTOR-dependent 4E-BP1 phosphorylation pathway [37]. 
The data showed that KUD983 induced a dramatic down-
regulation of cyclin D1 in both protein (Figure 3A) and 
mRNA levels (Supplementary Figure 6), and the inhibition 
of mTOR signaling pathway (Figure 4A). Therefore, 
the detection of c-Myc protein levels under KUD983 
treatment was performed to gain a clearer understanding of 
its role. As a result, KUD983 significantly decreased both 
nuclear and total c-Myc protein expression in PC-3 cells 
(Figure 6A and 6B) indicating the link in coordinating 
KUD983-induced effects.

KUD983 induces autophagic cell death

Autophagy, an evolutionary conserved process to 
recycle intracellular substances in keeping homeostasis in 
different cellular contexts, avoids accumulation of damaged 
proteins and organelles. Current evidence supports the 
notion that stimulation of autophagic cell death can impair 
tumorigenesis [38]. Moreover, mTOR has been well 

Figure 5: Determination of the functional involvement of Akt. PC-3 cells were transfected with control vector or myr-Akt. Then, 
the cells were incubated in the absence or presence of KUD983 (3 or 10 μM) for 24 h. After the treatment, the cells were harvested and lysed 
for the detection of the indicated protein expressions by Western blot analysis. The expression was quantified using the computerized image 
analysis system ImageQuant (Amersham Biosciences). Data are expressed as mean ± SEM of three independent experiments. 
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recognized to play a key role in linking the pathways to 
coordinate and regulate the balance between cell growth, 
apoptosis and autophagy under the exposure to a number 
of cellular stimulation and stress [39]. In light of KUD983-
induced inhibition of mTOR pathway, its effect on 
autophagy was determined. As demonstrated in Figure 7, 
KUD983 induced a concentration-dependent increase 
of autophagic cell death using confocal microscopic 
examination (Figure 7A), tracking the level of conversion 
of LC3-I to LC3-II (Figure 7B) and detecting acidic 
vesicular organelle (AVO)-positive cells by flow cytometry 
(Figure 7C). Furthermore, the data demonstrated that 
bafilomycin A1, an autophagy inhibitor by preventing 
AVO formation, did not affect KUD983-induced apoptosis 
suggesting that the apoptosis and autophagy might be two 
independent but co-existing events (Figure 8). The data 
also suggest the contribution of autophagic cell death to 
KUD983-induced effect.

DISCUSSION

In contrast to proteins and monoclonal antibodies 
which have major limitations of poor delivery to tumors 
and dose-limiting toxicity to the liver and bone marrow, 
discovery of peptide drugs is a potential anticancer 
approach due to several advantages, such as small size, 
ease of synthesis and modification, tumor penetrating 
ability, and good biocompatibility [21, 40, 41]. KUD983 

is a novel enantiomerically pure β-diproline derivative 
with alternating symmetry of monomeric pyrrolidine units 
[22]. It induced G1 arrest of cell cycle and subsequent 
apoptosis. Cyclin D1 and its binding partner Cdk4, the 
protein complex required for progression through the G1 
phase, were the most susceptible to KUD983-induced 
protein down-regulation. Both cyclin D1 and Cdk4 
proteins have been shown to be unstable with short half-
life (about 30 min and 3 h, respectively). The rapid decline 
of these proteins was reasonable, indicative of inhibition 
of translational and/or transcriptional levels by KUD983. 
Several lines of evidence suggest that p21 plays a key role 
in the regulation of cyclin E/Cdk2, the complex essential 
for the G1-to-S phase transition. p21 shows a high affinity 
for cyclin E/Cdk2 complex [42] and is responsible for 
cyclin E down-regulation [43]. Similar to these reports, 
KUD983-induced p21 activation was correlated to and 
responsible for the cyclin E down-regulation. Notably, 
the data demonstrated that p27 was highly expressed on 
PC-3 cells and an increased phosphorylated form was 
observed under KUD983 treatment. p27 is a member of 
the universal cyclin dependent kinase inhibitor family, 
inversely regulating the cell cycle progression. In 
addition, p27 is a putative tumor suppressor gene and 
promoter of apoptosis [44]. In addition to the role as a 
Cdk inhibitor, p27 also has emerged as an intrinsically 
multifunctional protein with non-canonical and Cdk-
independent functions. Certain non-canonical functions 

Figure 6: Effect of KUD983 on total and nuclear c-Myc protein expression. PC-3 cells were incubated in the absence or 
presence of KUD983 for the indicated time. The cells were harvested for the separation of the nuclear fraction (A) or the cells were lysed 
(B) for the detection of c-Myc protein expression by Western blot analysis. The expression was quantified using the computerized image 
analysis system ImageQuant (Amersham Biosciences). The data are expressed as mean ± SEM of three independent experiments. *P < 0.05, 
**P < 0.01 and ***P < 0.001 compared with the control.
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such as oncogenic activation of signaling pathways may 
contribute to tumor-aggressiveness and metastasis [45]. 
The data in the present study favored the non-canonical 
and Cdk-independent function of p27. In addition, 
various kinases have been reported to be responsible 
for p27 phosphorylation, including Akt, AMP-activated 
protein kinase, ATM and Mirk [46, 47]. Besides, the 
phosphorylation of p27 is known to occur in autophagic 
cell death [48]. KUD983 was capable of inducing 
autophagic cell death, indicating the possibility of 
autophagy-dependent p27 phosphorylation. However, the 
responsible kinases need further examination.

The PI3K/Akt/mTOR pathway is a fundamental 
survival signaling constitutively activated in many types 
of cancer. Genes in this pathway are the most frequently 
altered in human cancers. Aberrant activation of this 
pathway including loss of PTEN function, amplification 
or mutation of PI3K or Akt and overexpression of growth 

factor receptors is associated with tumorigenesis, cancer 
progression, and drug resistance [49]. This pathway is, 
therefore, an attractive anticancer target for therapy. In 
addition to PI3K/Akt-dependent pathway, it is noteworthy 
that increasing lines of evidence support the involvement 
of PI3K/Akt-independent mTOR signaling in the 
regulation of cell adhesion, invasion, cell cycle progression 
and apoptosis [33–35]. Zhang and the colleagues have 
used PTEN-deficient models of prostate cancer, reporting 
that the inhibition of either Akt or mTOR kinase alone 
has no effect on the status of the other kinase [50]. The 
data strongly suggest that the mTOR-mediated network in 
PTEN-null tumor is independent of AKT activity. Our data 
were consistent with this report, showing that KUD983 
induced a suppressive effect on Akt-independent mTOR 
signaling in PTEN-deficient PC-3 cells. However, the 
inhibition of Akt activity still partly contributed to the 
caspase-dependent apoptosis to KUD983 action.

Figure 7: Effect of KUD983 on autophagic cell death. PC-3 cells were incubated in the absence or presence of KUD983 or the 
indicated compound for 24 h (A and C) or for 6 and 12 h (B). After the treatment, the autophagic cell death was detected through staining 
with GFP (green fluorescent protein)-LC3. Nuclear identification was performed by DAPI staining. The cells were analyzed by a confocal 
laser microscopic system. Bar, 20 μl (A). The cells were harvested and lysed for the detection of the indicated protein expression by 
Western blot analysis. The expression was quantified using the computerized image analysis system ImageQuant. The LC3II expression 
relative to GAPDH was demonstrated (B). The cells were harvested and the autophagy was assessed by detecting acidic vesicular organelles 
(AVO) using flow cytometric analysis of acridine orange staining (C). The data are expressed as mean ± SEM of three to four independent 
experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control.
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Pro-apoptotic and anti-apoptotic Bcl-2 family of 
proteins interact with each other in keeping mitochondrial 
integrity and in determining cell fate. Among the anti-
apoptotic Bcl-2 family members, Mcl-1 has a short half-
life and is uniquely regulated by numerous oncogenic 
signaling pathways including mitogen activated protein 
kinase pathway, mTOR pathway and PI3K/Akt pathway 
that rapidly up-regulate Mcl-1 for cell survival [51]. 
Numerous studies have reported that Mcl-1 protein 
levels are inhibited by targeting PI3K/Akt and/or mTOR 
pathways using specific inhibitors, leading to increased 
tumor cell killing in both in vitro and in vivo models 
[51, 52]. Furthermore, it has been suggested that up-
regulation of Mcl-1 is responsible for the resistance 
in PTEN deficient cells in response to various cellular 

stresses [53]. Taken together, it has been suggested that 
Mcl-1 plays a key role in promoting resistance and cell 
survival during the activation of PI3K/Akt and mTOR 
pathways. It also supports that the suppression of Mcl-
1 expression is highly susceptible to KUD983-induced 
inhibition of both PI3K/Akt and mTOR pathways.

Survivin belongs to the inhibitor of apoptosis (IAP) 
family, a group of anti-apoptotic proteins containing one 
or more characteristic baculovirus IAP repeats (BIR) 
domains. Similar to the other members, survivin exhibits 
multiple biological activities including binding and 
inhibiting caspases, regulating cell cycle progression, 
and involving in resistance mechanism [54]. Wheatley 
has reported two separate functions of the survivin that 
the C-terminus is essential to cell division and the N- 

Figure 8: Effect of KUD983 on cell apoptosis and autophagy in PC-3 cells. Cells were incubated in the absence or presence of 
KUD983 and/or bafilomycin A1 for 24 h. After the treatment, the cells were harvested for flow cytometric analysis of PI staining (A, B), 
or the cells were fixed for the detection of apoptosis (cleaved caspase-3) and autophagy (C). Data are expressed as mean ± SEM of three 
determinations. Bar, 20 μm.
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terminus is required for apoptosis [55]. The deficiency of 
survivin tends to halt cell cycle progression at G1 phase 
and to promote caspase activation and apoptosis [54, 55]. 
Accordingly, KUD983-induced survivin down-regulation 
might be attributed to G1 arrest of the cell cycle and 
caspase-dependent apoptosis. Furthermore, Xu and the 
colleagues have reported that the loss of PTEN in the 
prostate results in a substantial up-regulation of survivin 
expression that contributes to tumor development [56], 
suggesting that PI3K/Akt activity is critical to survivin 
expression. This study also support that the inhibition of 
PI3K/Akt induced by KUD983 may contribute, at least 
partly, to the survivin down-regulation. Of note, it has 
been demonstrated that survivin suppressants induce both 
apoptosis and autophagy, which can be rescued by ectopic 
expression of survivin [57]. This study supports and 
suggests that survivin down-regulation may be possibly 
responsible for KUD983-induced autophagic cell death. 
However, the inhibition of mTOR activity may contribute 
largely to the induction of autophagy by KUD983 since 
it has been the most extensively studied and well proven 
that mTOR kinase is a critical regulator of autophagy 
induction, with activated mTOR inhibiting autophagy. A 
molecular mechanism that connects mTOR and autophagy 
pathways has been revealed, in which the decreased 
MTORC1 activity leads to modified phosphorylation on 
uncoordinated 51-like kinase 1 (ULK1) and downstream 
substrates including members of the Beclin1 complex to 
drive membrane trafficking and autophagosome assembly 
[58]. Therefore, mTOR suppression has been considered 
to be the inevitable mechanism for autophagy induction.

Many studies have well recognized that c-myc has 
a potent oncogenicity, which can be further improved 
by collaborations with other anti-apoptotic proteins and 
oncogenes. Many of these collaborations may converge 
at the cyclin D1/CDK4 complex [36, 59]. Berns and 
the colleagues have made a mutant c-Myc protein 
(MadMyc) to actively repress c-myc target genes and 
the data show that expression of MadMyc in cycling 
NIH3T3 cells causes a significant accumulation of cells 
in G1; however, ectopic expression of cyclin E/Cdk2 and 
cyclin D1/Cdk4 can rescue the progression of the cell 
cycle [60]. The data suggest that c-Myc is crucial in the 
regulation of both cyclin E/Cdk2 and cyclin D1/Cdk4 
complexes and facilitates G1 exit. Our data showed that 
KUD983 caused a profound decrease of both total and 
nuclear c-Myc protein expression and down-regulation 
of both cyclin D1 and cyclin E in mRNA and protein 
levels, suggesting that c-Myc might be a critical target 
to KUD983-induced suppression of cell proliferation. In 
conclusion, the data suggest that KUD983 is an effective 
anticancer dipeptide derivative against HRPCs through the 
inhibition of cell proliferation and induction of apoptotic 
and autophagic cell death. KUD983 induced G1 arrest of 
the cell cycle associated with the up-regulation of p21 and 
down-regulation of both cyclin D1 and cyclin E and de-

phosphorylation of Rb, in which c-Myc suppression may 
play a key role. In addition, the inhibition of PI3K/Akt 
and mTOR/p70S6K/4E-BP1 pathways by collaborations 
with down-regulation of anti-apoptotic proteins (e.g.,  
Bcl-2, Mcl-2 and survivin) are responsible to both 
apoptotic and autophagic cell death to KUD983 action. 
These data also reveal for the first time that the dipeptide 
enantiomer displays anticancer activity through multiple 
pathways to inhibit cell proliferation and to induce both 
apoptotic and autophagic cell death.

MATERIALS AND METHODS

Materials

RPMI 1640 medium and fetal bovine serum (FBS) 
were obtained from GIBCO/BRL Life Technologies 
(Grand Island, NY). Sulforhodamine B (SRB), 
carboxyfluorescein succinimidyl ester (CFSE), propidium 
iodide (PI), acridine orange and all other chemical 
compounds were obtained from Sigma-Aldrich (St. Louis, 
MO). Antibodies to PARP-1, Bcl-2, Bcl-xL, Bid, Mcl-1, 
survivin, cyclin D1, cyclin E, cyclin A, cyclin B1, Cdk4, 
Cdk2, p21, p27, caspase-3, caspase-9, c-Myc, α-tubulin, 
anti-mouse IgG and anti-rabbit IgG were obtained from 
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The 
other antibodies were from Cell Signaling Technologies 
(Boston, MA). 

Chemical synthesis

KUD983 (4-(tert-butyl) 2-methyl (2S,4S,5R)-1-
((2S,3R,5R)-1-acryloyl-2- (4-bromophenyl)-5-(methoxycar 
bonyl)pyrrolidine-3-carbonyl)-5-(4-bromophenyl)
pyrrolidine-2,4-dicarboxylate) and KUD984 (4-(tert-butyl) 
2-methyl (2R,4R,5S)-1-((2R,3S,5S)-1-acryloyl-2-(4-bro 
mophenyl)-5-(methoxycarbonyl)pyrrolidine-3-carbonyl)-
5-(4-bromophenyl)pyrrolidine-2,4-dicarboxylate) 
(Figure 1A) were synthesized according to the procedure 
for the racemic form [22] starting from (+)-4-(tert-butyl) 
2-methyl (2S,4S,5R)-5-(4-bromophenyl)pyrrolidine- 2, 
4-dicarboxylate [61] and (–)-4-(tert-Butyl) 2-methyl 
(2R,4R,5S)-5-(4-bromophenyl)pyrrolidine-2,4-dicarbox 
ylate [61], respectively. NMR characteristics of both 
compounds correspond to the racemic form NMR 
characteristics [22]. Elemental analyses of both samples 
were within ± 0.3 % range of theoretical values.

4-(tert-Butyl) 2-methyl (2S,4S,5R)-1-((2S,3R,5R)-
1-acryloyl-2-(4-bromophenyl) 5-(methoxycarbonyl)
pyrrolidine-3-carbonyl)-5-(4-bromophenyl)pyrrolidine-
2,4-dicarboxylate (KUD983). White crystals, m.p. 144–
146°C, [α]D21 +84.6° (c 1.10, CH2Cl2) > 99% ee(HPLC, 
Chiralcel OD).

4-(tert-Butyl) 2-methyl (2R,4R,5S)-1-((2R,3S,5S)-1-
acryloyl-2-(4-bromophenyl)-5-(methoxycarbonyl)pyrroli 
dine-3-carbonyl)-5-(4-bromophenyl)pyrrolidine-2,4-
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dicarboxylate (KUD984). White crystals, m.p. 142–144°C, 
[α]D21 − 83.4° (c 1.25, CH2Cl2) > 99% ee (HPLC, Chiralcel 
OD).

Cell lines and cell culture

Cancer cell lines PC-3 and DU-145 were from 
American Type Culture Collection (Rockville, MD). Cells 
were cultured in RPMI-1640 medium with 10% FBS (v/v) 
and penicillin (100 units/ml)/streptomycin (100 μg/ml). 
Cultures were maintained in a humidified incubator at 
37oC in 5% CO2/95% air. 

SRB assays

Cells were seeded in 96-well plates. After 24 h, 
cells were fixed with 10% trichloroacetic acid (TCA) 
representing cell population at time zero (T0). After 
additional incubation of 0.1% DMSO or the compound 
for 48 h, cells were fixed with 10% TCA and SRB at 0.4 % 
(w/v) in 1 % acetic acid was added to stain cells. Unbound 
SRB was washed out. SRB bound cells were solubilized 
with 10 mM Trizma base. Using the following absorbance 
(515 nm) measurements, such as time zero (T0), control 
growth (C), and cell growth in the presence of compound 
(Tx), the percentage growth inhibition was calculated as: 
[1- (Tx-T0)/(C-T0)] × 100%.

Cell proliferation assay with CFSE labeling

CFSE was dissolved in DMSO to constitute a 
storage solution of 10 mM and was kept at -80oC until 
use. The cells were adjusted to a density of 106 cells/
ml and were treated with CFSE at a final concentration 
of 10 μM. After incubation at 37oC for 10 min, labeling 
was blocked by the addition of RPMI medium with 10% 
FCS. Tubes were placed in ice for 5 min and then washed. 
After centrifugation, the cells were seeded in RPMI 
medium with 10% FCS in the absence or presence of the 
compound for 24, 48 or 72 hr at 37oCunder 5% CO2/95% 
air. The fluorescence intensity was determined by flow 
cytometric analysis. The cell proliferation was followed 
by monitoring decrease in label intensity in successive 
daughter cell generations [62]. The proliferation index and 
the cell populations of parent or different generations were 
calculated by Modfit LT Version 3.2 and WinList Version 
5.0 software.

Cell cycle synchronization

Synchronization of the cells was performed by 
thymidine block. Briefly, Cells were treated with 2 mM 
thymidine in medium/10% FCS for 24 hr. After washing 
cells with PBS, the block was released by the incubation 
of cells in fresh medium/10% FCS (indicated as time 

zero), and cells were harvested at the indicated times. The 
cell-cycle progression was detected by flow cytometric 
analysis.

Flow cytometric analysis of PI staining

After treatment, the cells were harvested by 
trypsinization, fixed with 70 % (v/v) alcohol at 4oC for 30 
min and washed with PBS. The cells were centrifuged and 
resuspended with 0.5 ml PI solution containing Triton X-100 
(0.1%, v/v), RNase (100 μg/ml) and PI (80 μg/ml). DNA 
content was analyzed with the FACScan and CellQuest 
software (Becton Dickinson, Mountain View, CA).

DNA fragmentation assay

The DNA fragmentation was determined using the 
Cell Death Detection ELISAplus kit (Roche, Mannheim, 
Germany). The assay was based on the quantitative in 
vitro determination of cytoplasmic histone-associated 
DNA fragments (mono- and oligonucleosomes) after 
induced cell death. After the treatment with KUD983, the 
cells were lysed and centrifuged, and the supernatant was 
used for the detection of nucleosomal DNA according to 
the manufacturer’s protocol.

Western blotting

After treatment, the cells were harvested with 
trypsinization, centrifuged and lysed in 0.1 ml of lysis 
buffer containing 10 mM Tris-HCl (pH 7.4), 150 mM NaCl, 
1mM EGTA, 1% Triton X-100, 1 mM PMSF, 10 mg/ml 
leupeptin, 10 mg/ml aprotinin, 50 mM NaF and 100 mM 
sodium orthovanadate. Total protein was quantified, mixed 
with sample buffer and boiled at 90oC for 5 min. Equal 
amount of protein (30 mg) was separated by electrophoresis 
in 8 or 12% SDS-PAGE, transferred to PVDF membranes 
and was detected with specific antibodies (1:1000 dilution). 
The immunoreactive proteins after incubation with 
appropriately labeled secondary antibody (1:3000 dilution) 
were detected with an enhanced chemiluminescence 
detection kit (Amersham, Buckinghamshire, UK).

Confocal immunofluorescence microscopic 
examination

After treatment, the cells were fixed with 100 % 
methanol at −20oC for 5 min and were incubated in 1 
% bovine serum albumin (BSA) containing 0.1% Triton 
X-100 at 37oC for 30 min. Cells were washed and stained 
with primary antibodies at 37oC for 1 h and GFP-LC3 
and cleaved casp3 antibody (Alexa flour 647 conjugate) 
at 37oC for 40 min. Nuclear identification was performed 
by DAPI staining. The cells were analyzed by a confocal 
laser microscopic system (Leica TCS SP2).
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Flow cytometric analysis of autophagy

Cell autophagy was assessed by detecting acidic 
vesicular organelles (AVO) using acridine orange. The 
cells were removed from the plate and centrifuged for five 
minutes. The cells were stained with 1 mg/ml acridine 
orange for 20 min at room temperature and finally the cells 
were collected and resuspended in PBS. Stained cells were 
analyzed using a FACSCalibur flow cytometer and Cell 
Quest software (BD, USA).

Transient transfection

For transfection, PC-3 cells were seeded into 
60-mm tissue culture dishes with 30% confluence and 
grown for 24 h to about 50% confluence. Each dish was 
washed with serum-free Opti-MEM (Life Technologies), 
and 2 ml of the same medium was added. Aliquots 
containing myr-Akt expression vector (2 μg) or a control 
plasmid in serum-free Opti-MEM were transfected into 
cells using Lipofectamine 2000 (Invitrogen) following 
the manufacturer’s instructions. After the incubation 
for 6 h at 37°C, cells were washed with medium and 
incubated in 10% FBS-containing RPMI-1640 medium 
for 48 h. Then, the cells were treated with or without the 
compound for another 24 h. The Western blot analyses 
were performed. 

Data analysis

Data are presented as the mean ± SEM for the 
indicated number of separate experiments. Statistical 
analysis of data for multiple groups is performed with 
one-way analysis of variance. Student’s t-test is applied 
for comparison of two groups. P-values less than 0.05 are 
statistically considered significant.

ACKNOWLEDGMENTS AND FUNDING

This work was supported by the grant from the 
Ministry of Sciences and Technology in Taiwan (MOST 
103-2320-B-002-009-MY3 and MOST 104-2320-B-
002 -005 -MY3) to MLC, CCY, JLH, WJL, SHC, LCH 
and JHG. KVK and PMI acknowledge the Ministry of 
Education and Science of the Russian Federation (the 
grant agreement number 14.616.21.0062, unique project 
ID RFMEFI61615X0062) for support. OD thanks 
the Scientific and Technological Research Council of 
Turkey (TUBITAK, Grant No 110T075) and Middle East 
Technical University for the financial support.

CONFLICTS OF INTEREST 

All authors declared no conflicts of interest.

REFERENCES

 1. DeSantis CE, Siegel RL, Sauer AG, Miller KD, Fedewa SA, 
Alcaraz KI, Jemal A. Cancer statistics for African 
Americans, 2016: Progress and opportunities in reducing 
racial disparities. CA Cancer J Clin. 2016; 66:290–308.

 2. Velcheti V, Karnik S, Bardot SF, Prakash O. Pathogenesis 
of prostate cancer: lessons from basic research. Ochsner J. 
2008; 8:213–218.

 3. Chen CD, Welsbie DS, Tran C, Baek SH, Chen R, Vessella R, 
Rosenfeld MG, Sawyers CL. Molecular determinants of 
resistance to antiandrogen therapy. Nat Med. 2004; 10:33–39.

 4. Marcelli M, Ittmann M, Mariani S, Sutherland R, Nigam R, 
Murthy L, Zhao Y, DiConcini D, Puxeddu E, Esen A, 
Eastham J, Weigel NL, Lamb DJ. Androgen receptor 
mutations in prostate cancer. Cancer Res. 2000; 60:944–
949.

 5. Cohen-Solal KA, Boregowda RK, Lasfar A. RUNX2 and 
the PI3K/AKT axis reciprocal activation as a driving force 
for tumor progression. Mol Cancer. 2015; 14:137. 

 6. McCubrey JA, Abrams SL, Fitzgerald TL, Cocco L, 
Martelli AM, Montalto G, Cervello M, Scalisi A, Candido S, 
Libra M, Steelman LS. Roles of signaling pathways in drug 
resistance, cancer initiating cells and cancer progression and 
metastasis. Adv Biol Regul. 2015; 57:75–101.

 7. Carracedo A, Pandolfi PP. The PTEN-PI3K pathway: of 
feedbacks and cross-talks. Oncogene. 2008; 27:5527–5541. 

 8. McMenamin ME, Soung P, Perera S, Kaplan I, Loda M, 
Sellers WR. Loss of PTEN expression in paraffin-embedded 
primary prostate cancer correlates with high Gleason score 
and advanced stage. Cancer Res. 1999; 59:4291–4296.

 9. Martin NE, Gerke T, Sinnott JA, Stack EC, Andrén O, 
Andersson SO, Johansson JE, Fiorentino M, Finn S, 
Fedele G, Stampfer M, Kantoff PW, Mucci LA, et 
al. Measuring PI3K activation: clinicopathologic, 
immunohistochemical, and RNA expression analysis in 
prostate cancer. Mol Cancer Res. 2015; 13:1431–1440. 

10. Nandagopal N, Roux PP. Regulation of global and specific 
mRNA translation by the mTOR signaling pathway. 
Translation (Austin). 2015; 3:e983402.

11. Chakrabarti P, Kandror KV. The role of mTOR in 
lipid homeostasis and diabetes progression. Curr Opin 
Endocrinol Diabetes Obes. 2015; 22:340–346. 

12. Cargnello M, Tcherkezian J, Roux PP. The expanding 
role of mTOR in cancer cell growth and proliferation. 
Mutagenesis. 2015; 30:169–176. 

13. Sutherland SI, Pe Benito R, Henshall SM, Horvath LG, 
Kench JG. Expression of phosphorylated-mTOR during 
the development of prostate cancer. Prostate. 2014; 
74:1231–1239. 

14. Statz CM, Patterson SE, Mockus SM. mTOR inhibitors in 
castration-resistant prostate cancer: a systematic review. 
Target Oncol. 2017; 12:47–59. 



Oncotarget96682www.impactjournals.com/oncotarget

15. Alao JP. The regulation of cyclin D1 degradation: roles 
in cancer development and the potential for the rapeutic 
invention. Mol Cancer. 2007; 6:24.

16. Noel EE, Yeste-Velasco M, Mao X, Perry J, Kudahetti SC, Li 
NF, Sharp S, Chaplin T, Xue L, McIntyre A, Shan L, Powles 
T, Oliver RT, et al. The association of CCND1 overexpression 
and cisplatin resistance in testicular germ cell tumors and 
other cancers. Am J Pathol. 2010; 176:2607–2615. 

17. Diehl JA, Cheng M, Roussel MF, Sherr CJ.Glycogen 
synthase kinase-3beta regulates cyclin D1 proteolysis and 
subcellular localization. Genes Dev. 1998; 12:3499–3511.

18. Diehl JA, Zindy F, Sherr CJ.Inhibition of cyclin D1 
phosphorylation on threonine-286 prevents its rapid 
degradation via the ubiquitin-proteasome pathway. Genes 
Dev. 1997; 11:957–972.

19. Dong J, Peng J, Zhang H, Mondesire WH, Jian W, Mills GB, 
Hung MC, Meric-Bernstam F. Role of glycogen synthase 
kinase 3beta in rapamycin-mediated cell cycle regulation 
and chemosensitivity. Cancer Res. 2005; 65:1961–1972. 

20. Hashemolhosseini S, Nagamine Y, Morley SJ, Desrivieres S, 
Mercep L, Ferrari S. Rapamycin inhibition of the G1 to S 
transition is mediated by effects on cyclin D1 mRNA and 
protein stability. J Biol Chem. 1998; 273:14424–14429. 

21. Thundimadathil J. Cancer treatment using peptides: 
current therapies and future prospects. J Amino Acids. 
2012;2012:967347. 

22. Kudryavtsev KV, Ivantcova PM, Churakov AV, Wiedmann S, 
Luy B, Muhle-Goll C, Zefirov NS, Bräse S. Alternating 
asymmetric self-induction in functionalized pyrrolidine 
oligomers. Angew Chem Int Ed. 2013; 52:12736–12740.

23. Kudryavtsev KV, Yu CC, Ivantcova PM, Polshakov VI, 
Churakov AV, Bräse S, Zefirov NS, Guh JH. Structural 
studies and anticancer activity of a novel class of β-peptides. 
Chem. Asian J. 2015; 10:383–389.

24. Alimirah F, Chen J, Basrawala Z, Xin H, Choubey D. DU-
145 and PC-3 human prostate cancer cell lines express 
androgen receptor: implications for the androgen receptor 
functions and regulation. FEBS Lett. 2006; 580:2294–2300.  

25. Malumbres M, Barbacid M. Cell cycle, CDKs and cancer: 
a changing paradigm. Nat Rev Cancer. 2009; 9:153–166.

26. Coqueret O. New roles for p21 and p27 cell-cycle inhibitors: 
a function for each cell compartment? Trends Cell Biol. 
2003; 13:65–70. 

27. Constantinou C, Clemens MJ. Regulation of the 
phosphorylation and integrity of protein synthesis initiation 
factor eIF4GI and the translational repressor 4E-BP1 by 
p53. Oncogene. 2005; 24:4839–4850.

28. Wang L, Wang X, Proud CG. Activation of mRNA 
translation in rat cardiac myocytes by insulin involves 
multiple rapamycin-sensitive steps. Am J Physiol Heart Circ 
Physiol. 2000;278:H1056-1068.

29. Iacovelli S, Ricciardi MR, Allegretti M, Mirabilii S, 
Licchetta R, Bergamo P, Rinaldo C, Zeuner A, Foà 
R, Milella M, McCubrey JA, Martelli AM, Tafuri A.  

Co-targeting of Bcl-2 and mTOR pathway triggers 
synergistic apoptosis in BH3 mimetics resistant acute 
lymphoblastic leukemia. Oncotarget. 2015; 6:32089–32103. 
https://doi.org/10.18632/oncotarget.5156.

30. Cheng XJ, Lin JC, Ding YF, Zhu L, Ye J, Tu SP. Survivin 
inhibitor YM155 suppresses gastric cancer xenograft growth 
in mice without affecting normal tissues. Oncotarget. 2016; 
7:7096–7109. https://doi.org/10.18632/oncotarget.6898.

31. Xie Y, Naizabekov S, Chen Z, Tokay T. Power of PTEN/
AKT: Molecular switch between tumor suppressors and 
oncogenes. Oncol Lett. 2016; 12:375–378. 

32. Xue G, Hemmings BA. PKB/Akt-dependent regulation of 
cell motility. J Natl Cancer Inst. 2013; 105:393–404.

33. Chen L, Xu B, Liu L, Liu C, Luo Y, Chen X, Barzegar M, 
Chung J, Huang S. Both mTORC1 and mTORC2 are 
involved in the regulation of cell adhesion. Oncotarget. 2015; 
6:7136–7150. https://doi.org/10.18632/oncotarget.6898.

34. Ye Z, Al-Aidaroos AQ, Park JE, Yuen HF, Zhang SD, Gupta 
A, Lin Y, Shen HM, Zeng Q. PRL-3 activates mTORC1 in 
Cancer Progression. Sci Rep. 2015;5:17046.

35. Wada M, Horinaka M, Yasuda S, Masuzawa M, Sakai T, 
Katoh N. PDK1 is a potential therapeutic target against 
angiosarcoma cells. J Dermatol Sci. 2015; 78:44–50. 

36. Liao DJ, Thakur A, Wu J, Biliran H, Sarkar FH. Perspectives 
on c-Myc, Cyclin D1, and their interaction in cancer 
formation, progression, and response to chemotherapy. Crit 
Rev Oncog. 2007; 13:93–158.

37. Pourdehnad M, Truitt ML, Siddiqi IN, Ducker GS, 
Shokat KM, Ruggero D. Myc and mTOR converge on 
a common node in protein synthesis control that confers 
synthetic lethality in Myc-driven cancers. Proc Natl Acad 
Sci USA. 2013; 110:11988–11993.

38. Bedia C, Levade T, Codogno P. Regulation of autophagy 
by sphingolipids. Anticancer Agents Med Chem. 2011; 
11:844–853. 

39. Jung CH, Ro SH, Cao J, Otto NM, Kim DH. mTOR 
regulation of autophagy. FEBS Lett. 2010; 584:1287–1295.

40. Vlieghe P, Lisowski V, Martinez J, Khrestchatisky M. 
Synthetic therapeutic peptides: science and market. Drug 
Discov Today. 2010; 15:40–56. 

41. Borghouts C, Kunz C, Groner B. Current strategies for the 
development of peptide-based anticancer therapeutics. J 
Pept Sci. 2005; 11:713–726. 

42. Gu Y, Turck W, Morgan DO. Inhibition of cdk2 activity in 
vivo by an associated 20K regulatory subunit. Nature. 1993; 
366:707–710

43. Nooij JC, Letendre MA, Hariharan IK. A cyclin-dependent 
kinase inhibitor, Dacapo, is necessary for timely exit from 
the cell cycle during Drosophila embryogenesis. Cell. 1996; 
87:1237–1247.

44. Lloyd RV, Erickson LA, Jin L, Kulig E, Qian X, Cheville JC, 
Scheithauer BW. p27kip1: a multifunctional cyclin-
dependent kinase inhibitor with prognostic significance in 
human cancers. Am J Pathol. 1999; 154:313–323. 



Oncotarget96683www.impactjournals.com/oncotarget

45. Sharma SS, Pledger WJ. The non-canonical functions of 
p27(Kip1) in normal and tumor biology. Cell Cycle. 2016; 
15:1189–1201. 

46. Alexander A, Walker CL. The role of LKB1 and AMPK in 
cellular responses to stress and damage. FEBS Lett. 2011; 
585:952–957.

47. Janumyan Y, Cui Q, Yan L, Sansam CG, Valentin M, 
Yang E. G0 function of BCL2 and BCL-xL requires BAX, 
BAK, and p27 phosphorylation by Mirk, revealing a novel 
role of BAX and BAK in quiescence regulation. J Biol 
Chem. 2008; 283:34108–34120.

48. Cui Q, Valentin M, Janumyan Y, Yang E. Bax-/- bak-/- 
cells exhibit p27 Thr198 phosphorylation and autophagy. 
Autophagy. 2009; 5:263–264.

49. LoPiccolo J, Blumenthal GM, Bernstein WB, Dennis 
PA. Targeting the PI3K/Akt/mTOR pathway: effective 
combinations and clinical considerations. Drug Resist 
Updat. 2008; 11:32–50. 

50. Zhang W, Haines BB, Efferson C, Zhu J, Ware C, Kunii K, 
Tammam J, Angagaw M, Hinton MC, Keilhack H, 
Paweletz CP, Zhang T, Winter C, et al. Evidence of mTOR 
activation by an AKT-independent mechanism provides 
support for the combined treatment of PTEN-deficient 
prostate tumors with mTOR and AKT inhibitors. Transl 
Oncol. 2012; 5:422–429.

51. Williams MM, Cook RS. Bcl-2 family proteins in breast 
development and cancer: could Mcl-1 targeting overcome 
therapeutic resistance? Oncotarget. 2015; 6:3519–3530. 
https://doi.org/10.18632/oncotarget.2792.

52. Faber AC, Coffee EM, Costa C, Dastur A, Ebi H, Hata 
AN, Yeo AT, Edelman EJ, Song Y, Tam AT, Boisvert JL, 
Milano RJ, Roper J, et al. mTOR inhibition specifically 
sensitizes colorectal cancers with KRAS or BRAF 
mutations to BCL-2/BCL-XL inhibition by suppressing 
MCL-1. Cancer Discovery. 2014; 4:42–52.

53. Austin M, Cook SJ. Increased expression of Mcl-1 
is required for protection against serum starvation in 

phosphatase and tensin homologue on chromosome 10 
null mouse embryonic fibroblasts, but repression of Bim 
is favored in human glioblastomas. J Biol Chem. 2005; 
280:33280–33288.

54. Garg H, Suri P, Gupta JC, Talwar GP, Dubey S. Survivin: 
a unique target for tumor therapy. Cancer Cell Int. 2016; 
16:49.

55. Wheatley SP. The functional repertoire of survivin’s 
tails. Cell Cycle. 2015; 14:261–268.  

56. Xu S, Adisetiyo H, Tamura S, Grande F, Garofalo A, Roy-
Burman P, Neamati N. Dual inhibition of survivin and 
MAOA synergistically impairs growth of PTEN-negative 
prostate cancer. Br J Cancer. 2015; 113:242–251.

57. Wang Q, Chen Z, Diao X, Huang S. Induction of autophagy-
dependent apoptosis by the survivin suppressant YM155 in 
prostate cancer cells. Cancer Lett. 2011; 302:29–36.

58. Gallagher LE, Williamson LE, Chan EY. Advances in 
autophagy regulatory mechanisms. Cells. 2016; 5:24.

59. Wang C, Lisanti MP, Liao DJ. Reviewing once more the 
c-myc and Ras collaboration: converging at the cyclin D1-
CDK4 complex and challenging basic concepts of cancer 
biology. Cell Cycle. 2011; 10:57–67.

60. Berns K, Hijmans EM, Bernards R. Repression of c-Myc 
responsive genes in cycling cells causes G1 arrest through 
reduction of cyclin E/CDK2 kinase activity. Oncogene. 
1997; 15:1347–1356.

61. Ayan S, Dogan O, Ivantсova PM, Datsuk NG, Shulga DA, 
Chupakhin VI, Zabolotnev DV, Kudryavtsev KV. 
Asymmetric synthesis and molecular docking study of 
enantiomerically pure pyrrolidine derivatives with potential 
antithrombin activity. Tetrahedron: Asymmetry. 2013; 
24:838–843. 

62. Wallace PK, Muirhead KA. Cell tracking 2007: a 
proliferation of probes and applications. Immunol 
Invest. 2007; 36:527–561.


