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Abstract: Polypeptide APP8 is a prostate-specific antigen (PSA)-activated prodrug that was designed to synergize the 
effects of the Bcl-2 homology domain 3 (BH3) peptide, K237 and the DG2 peptide. The aim of this study is to evalu-
ate its biodistribution and anticancer effect in vitro and in vivo. In this study, APP8 and each component peptide 
were synthesized. The biodistribution was identified using con-focal microscopyin both PSA+ cell line and PSA- cell 
line in vitro. Then cell cycle, MTT and in-cell western blot were accessed to analyze the effect mechanisms. Finally, 
xenografts were used to confirm the anticancer effect in vivo. Here, it was shown that APP8 was hydrolyzed and BH3 
was released into the nucleus, while K237 and DG2 were located predominantly in the cytoplasm, only in LNCaP 
cells (PSA+), but not PC3 cells (PSA-). K237 and DG2 could induce cell apoptosis through decreasing the phosphory-
lation of ERK-2 and Flk-1. APP8 also caused the death of LNCaP cells, and was predominantly dependent on BH3 in 
vitro. In addition, It was noted that as the tumor grew in vivo, APP8 could inhibit the tumor volume to 77.3%, mainly 
depending on K237 and DG2 via inhibition of the growth of vascular endothelial cells.Our results suggested that 
APP8 could promote prostate cancer cell death and stop prostate cancer growth via synergizing apoptosis induc-
tion of tumor cell and inhibition of the growth of vascular endothelial cells. It provides a novel candidate prodrug for 
specific therapy of prostate cancer.
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Introduction 

Prostate cancer is the most common malignan-
cy in men, and the second leading cause of 
death from cancer in western countries [1]. The 
incidence has increased to become the second 
most frequently diagnosed cancer, and the 
third most common cause of death from cancer 
in men in developing countries [2]. Traditionally, 
there have been several forms of treatment, 
such as prostatectomy, chemotherapy, radio-
therapy, and hormone therapy, either by orchi-
ectomy or anti-androgenic agents. However, 
these are unsatisfactory because they lack 
specificity, and lots of adverse effects on the 
healthy surrounding tissues and quality of life 
[3]. There is currently no effective cure for late-
stage hormone (androgen)-refractory prostate 
cancer [4].

To enhance the anti-tumor efficacy and reduce 
the negative impact of prostate cancer drugs, 
numerous targeting therapies have been intro-
duced, including ADEPT (antibody-directed 
enzyme prodrug therapy), GDEPT (gene-direct-
ed enzyme prodrug therapy) and PMT (prodrug-
mono therapy). The cytotoxic agents such as 
chemical drugs and biological medicinal prod-
ucts can be released from nontoxic prodrugs at 
the tumor site, either by targeted antibody-
enzyme conjugates, enzyme-coding genes, or 
tumor markers in cancerous tissues [5], likeg-
semino protein (SM) [6], prostate-specific mem-
brane antigen (PSMA) [7], and prostate-specific 
antigen (PSA) [8].

PSA is a serine protease with chymotrypsin-like 
activity produced by prostate epithelial cells. Its 
normal function is to liquefy gelatinous semen 
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after ejaculation, allowing spermatozoa to navi-
gate through the uterine cervix more easily. 
There is very little PSA (1,000-10,000-fold 
lower concentration) in the circulating blood, 
where it is inactivated because of binding to 
abundant serum protease inhibitors [9]. 
However, in prostate cancer it was over-
expressed to degrade extracellular matrix gly-
coproteins fibronectin and laminin to facilitate 
invasion of prostate cancer cells [10]. The 
exclusive presence of high levels of active PSA 
within prostate cancer sites makes PSA an 
attractive target for several prodrug designs 
[11-13]. In these, chemical substances such 
asdesacetyl-vinblastine [11], thapsigargin [12], 
and N-(2-hydroxypropyl)methacrylamide [13] 
are covalently linked to a peptide that can be 
hydrolyzed by PSA. 

Besides the chemical drugs above, biological 
medicinal products are also novel candidates 
that may stop cancer growth and promote can-
cer cell death by inducing apoptosis or anti-
angiogenesis. Bcl-2 homology domain 3 (BH3) 
of BH3 only protein BID or BIM canfunction as a 
uniquely important cell-death inducer by initiat-
ing mitochondrial membrane permeabilization 
and subsequent cytochrome C efflux through 
activating the multi-BH domain proteins BAX 
and BAK [14, 15]. Some cell growth factors 
such as vascular endothelial growth factor 
(VEGF) or basic fibroblast growth factor (bFGF) 
are highly expressed in many tumor cells and 
are important targets. Antiangiogenicagents 
such as antibodies, inhibitor peptides, and 
siRNA against these factors have emerged 
from extensive basic and clinical research on 
cancer therapy [16-18]. DG2 peptide, which 
was screened from phage-epitope libraries, 
blocks binding of bFGF to its high-affinity recep-
tor ERK-2, and inhibits basal and bFGF-induced 
proliferation of vascular endothelial cells [19]. 
K237 interferes with the VEGF-Flk-1 interaction 
by binding to Flk-1 (a kinase domain receptor) 
with high affinity and specificity, and inhibits 
proliferation of cultured primary human umbili-
cal vein endothelial cells [20].

A similar polypeptide, BSD352, which com-
bines BH3-TAT, DG2 and SP5.2, has a good 
inhibitory effect on prostate cancer through 
apoptosis induction [8]. However, the synergis-
tic effect and mechanism of action have not 
been demonstrated. Here, we synthesized a 

novel fusion polypeptide including BH3, DG2 
and K237, which were linked to each otherus-
ing PSA-cleaved peptide. The localization and 
anti-prostate cancer effect of each peptide 
were identified to be PSA dependent. Further- 
more, APP8 was proved to inhibit growth of 
prostate cancer in vitro and in vivo by different 
mechanisms.

Materials and methods 

Cell lines and cell culture

The human androgen-independent prostate 
cancer cell lines PC-3 (No.3115CNCB00313, 
Generation 23), and androgen-dependent pro- 
state cancer cell lines LNCaP (No.3111C00- 
01CCC000040, Generation 50) were pur-
chased from Beijing North Carolina Chuanglian 
Biological Technology Research Institute of 
China. All the cell lines were cultured as mono-
layers in RPMI1640 medium supplemented 
with 10% heat-inactivated fetal calf serum 
(FCS; both from Life Technologies, Grand 
Island, NY, USA), 100 μg/mL penicillin and 100 
μg/mL streptomycin at 37°C in a humidified 5% 
CO2 incubator. Characterization of the cell lines 
was performed by testing the expression of 
PSA using electrochemical luminescence meth-
od on a RocheCobas E601 module immunology 
analyzer (Roche Group, Basel, Switzerland).

Peptide design and preparation

The basic peptide BH3-HIV-TAT, VEGF antago-
nist K237, bFGF antagonist DG2, and the poly-
peptide APP8, APPKB and APPBD were synthe-
sized by the solid phase peptide synthesis 
method at GL Biochem (Shanghai. China) Ltd. 
Before that an 8 KD peptide was identified 
after its coding sequence was cloned and 
expression in E. coli BL21. The purified pep-
tides APPKB and APPBD were labeled with fluo-
rescein isothiocyanate (FITC) at the N terminus 
and rhodamineB at the C terminus (Figure 1A). 
Protein Folding Rates of any peptides were 
predicated using SFOLDRATE web service at 
http://gila.bioengr.uic.edu/lab/.

Immunofluorescence staining

LNCaP and PC3 cells were cultured on cover-
slips in RPMI1640 medium supplemented with 
10% FCS, and fixed with a freshly prepared 
paraformaldehyde (PFA) solution [4% in phos-
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phate-buffered saline (PBS), pH 7.4] for 30 min-
utes at room temperature, and permeated with 
0.1% Triton X-100 (Sigma, St. Louis, MO, USA) 
for 15 minutes on ice. The localization of each 
peptide (BH3-HIV-TAT, K237 and DG2) was 
checked first. Then, 100 μM APPKB or APPBD 
was added to the cells. 4’,6-Diamidino-2-
phenylindole (DAPI; Molecular Probes, Eugene, 
OR, USA) was used for nuclear staining. The dis-
tribution of FITC and rhodamineB fluorescence 
in live cells was observed by MRC-1024 laser 
scanning confocal microscopy imaging (LSCM; 
Bio-Rad Laboratories, Hercules, CA, USA), and 
images of interest were saved.

In cell western blotting

Quantitative analysis of cellular extracellular 
signal-regulated kinase (ERK)-2, Flk-1 protein 
and their phosphorylation levels were carried 
out using a rapid and high-through put in-cell 
western blotting method, as previously de- 
scribed [21]. Briefly, 1,000 LNCaP cells/well 

chst 33258 as previously described [22]. After 
72 hours of treatment with 800 μM of APP8 
recombinant protein, LNCaP and PC3 cells 
were washed with ice-cold PBS, fixed with 4% 
PFA in PBS for 10 minutes at room tempera-
ture. Afterwards the cells were stained for 10 
minutes with Hoechst 33258 (5 mg/L; Sigma, 
At Louis, MO, USA), they were washed and 
observed with an Olympus BX-60 fluorescence 
microscope (Olympus Medical Systems, Tokyo, 
Japan) by an observer blind to the cell tre- 
atment. 

MTT assay for cell proliferation

PC-3 and LNCaP cells were grown to confluence 
in full RPMI1640 medium and harvested by 
trypsinization at 37°C for 5 minutes. A suspen-
sion of 1 × 104 cells in RPMI1640 medium was 
added to each well of 96-well plates and incu-
bated for 24 hours at 37°C in an atmosphere of 
5% CO2. The cells were treated with 0, 100, 
200, 400, or 800 μM APP8 protein. After 48 

Figure 1. Schematic diagram of synthesized APP8 polypeptide and its com-
ponent peptides. A. APP8 was designed synergizing BH3, DG2 and K237, 
which were linked to each other using PSA-cleaved peptide. APPKB and AP-
PBD labled with FITC and rhodamineB were also synthesized to observe lo-
calization of the peptides. B. The lnKfs of BH3-TAT, K237, and DG2.

were seeded in a clear-bot-
tomed 96-well plate and gro- 
wn for 24 hours at 37°C/5% 
CO2. The cells were fixed in 
4% PFA. After permeabiliza-
tion with 0.1% Triton X-100 in 
PBS (200 mL/well), the wells 
were incubated with goat 
anti-ERK-2, anti-p-ERK, anti-
Flk-1, anti-p-Flk-1 and anti-β-
actin antibody (1:500, Santa 
Cruz Biotechnology, Santa 
Cruz, CA, USA) and subse-
quently washed with 0.1% 
Tween-20 in PBS. Donkey 
anti-goat DyLight 488 sec-
ondary antibody (1:1,000) 
was added. After washing, the 
plates were imaged on an 
Odyssey infrared scanner (LI- 
COR Biosciences, Lincoln, 
NE, USA) in the 488 nm wave-
length channels. The score of 
p-ERK and p-Flk-1 was nor-
malized by OD488 of β-actin.

Chromatin staining with 
Hoechst 33258

Apoptosis was observed by 
chromatin staining with Hoe- 
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hours of incubation, 20 μL (3-[4,5-dimethylthia-
zol-2-yl] -2,5-diphenyl tetrazolium bromide 
(MTT; 5 mg/mL in PBS; Sigma) was added to 
each well. The cells were incubated for a fur-
ther 4 hours, followed by the addition of 150 μL 
dimethyl sulfoxide. Absorbance at 570 nm 
(A570), which correlates with the number of via-
ble cells, was measured with a Bio-Rad Model 
680 microplate reader (Bio-rad, Hercules, CA, 
USA). The mean and standard deviations of 
three parallel samples were calculated and cell 
viability rate was calculated as Absorbance of 
treated cells/Absorbance of untreated control 
cell × 100%. All experiments were performed 
as three independent experiments. The same 
procedure was also applied to the component 
peptides, in which the LNCaP cells were treated 
with 10, 100 and 1000 mM of K237, DG2 and 
BH3-TAT respectively.

Xenograft mice

Male BALB/c nude mice (6-8 weeks old; 18- 
22 g), were purchased from the National 
Rodent Laboratory Animal Resources, Shanghai 
Branch. The tumors were established by subcu-
taneous injection of 3 × 106 LNCaP or PC3 cells 
suspended in 0.1 mL PBS into the right flanks 
of 10 mice. When xenografts grew to a diame-
ter of ~5.0 mm, mice were randomly assigned 
to twogroups and challenged intravenously 
with PBS and 500 μg/kg in 0.2 ml (one treat-
ment every 3 days for 30 days) according to the 
preliminary experiment at 100, 250 and 500 
μg/kg concentration every one, two or three 
day for 30 days. Serum PSA was detected using 
electrochemical luminescence method on a 
RocheCobas E601 module immunology ana-
lyzer (Roche Group, Basel, Switzerland). The 
body weight of the nude mouse was recorded. 
The volume of the tumor was calculated with 
the formula (14): Tumor volume (mm3) = width2 
× length/2 by measuring 2 diameters perpen-
dicular to each other with a caliper every 5 
days. Mice were sacrificed by cervical disloca-
tion on day 30 after APP8 administration. The 
tumors were removed for weightingand histo-
logical staining. 

Ethics statement

The animal experiment was approved by Ethical 
Committee of the Fourth Military Medical 
University (Approved No. 20130020). Animals 
received a standard diet and water and were 

cared for in accordance with the Principles  
of Laboratory Animal Care (NIH publication 
No.86-23, revised 1985) as well as the China 
Committee of Animal Experimentation.

Histological examination

Resected tumors were fixed in 10% neutral-
buffered formalin and processed through a 
series of increasing ethanol concentrations for 
paraffin embedding. Serial sections (5 μm) 
were cut on a Leica RM2235 microtome (Leica 
Microsystems, Wetzlar, Germany). The sections 
were dewaxed, hydrated, and stained with 
hematoxylin-eosin (H&E; Dako, Carpenteria, 
CA, USA) and examined with a CX31 light micro-
scope (Olympus Medical Systems). 

Blood microvessel density (MVD)

Blood vessel immune staining was carried out 
with monoclonal CD34 antibodies (Santa Cruz 
Biotechnology) using the avidin-biotin-peroxi-
dase complex (ABC) technique as described 
previously [23]. Immuno stained tumor sec-
tions were scanned at low magnification (40×) 
and the 3 most densely vascular areas (“hot 
spots”) were photographed at 200× magnifica-
tion. IntratumoralMVD was assessed by count-
ing the total number of microvessels found in 
that area (0.720 mm2), as described previously 
[24].

Statistical analysis

Statistical analyses were performed with the 
SPSS for Windows version 11.5 (SPSS, Chicago, 
IL, USA). The comparisons between every treat-
ment groups and control were made by the 
Wilcoxon matched-pairs signed-ranks test first. 
Finally the cell viability rates, tumor volume, 
tumor weight, and MVD were analyzed using 
the Kaplan-Meier method. P < 0.05 was consid-
ered statistically significant.

Results 

Folding rates of the peptides

Each peptide (Figure 1A) was obtained at >98% 
purity. To clarify thenative topologies of these 
peptides, we used a method described by 
Ouyang and Liang [25] to calculate the folding 
rates of the peptides based on the geometric 
contact and amino acid sequence. As shown in 
Figure 1B, the lnKfs of BH3-TAT, K237, and DG2 
were 15.6, 3.41, and 6.6, respectively. When 
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the folding rate of APP8 was 1.65, the lnKf 
increased to 8.05, if the three peptides were 
linked into DAPP8 without PSA-cleaved pep-
tide. That is almost the average of the three 
individual peptides. Similarly, APPKB and 
APPBD had lnKfs of 7.56 and 9.69 respectively. 
This indicates that APP8 is less active before 
its peptides are cleaved.

Distribution of functional peptides in prostate 
cancer cells

It was confirmed that about 8.8-97.07 and 
72.16-216.4 ng/ml PSA could be detected in 
the supernatant and cytoplasma of LNCaP 
respectively, but none could be detected in the 
supernatant of PC3 (Supplementary Table 1). 

Figure 2. Localization of the functional peptides on prostate cancer cells. A. Distribution of BH3-HIV-TAT, K237 and 
DG2 in LNCaP cells. B. Distribution of K237 and BH3-TAT peptides from APPKB in LNCaP cells. Cells were exposed 
to APPKB labeled with FITC and rhodamineB on each side, counterstained with DAPI, and observed by LSCM (mag-
nification: 200×). C. Distribution of BH3-TAT and DG2 peptides from APPBD in LNCaP cells. The cells were exposed 
to APPBD labeled with FITC and rhodamineB on each side, counterstained with DAPI, and observed by LSCM (mag-
nification: 200×). 
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Then the distribution of K237, BH3-HIV-TAT and 
DG2 was observed in LNCaP and PC3 cells to 
identify the cleavage of PSA. As shown by 
Figure 2A, BH3-HIV-TAT was located mainly in 
nucleus, K237 located in both cytoplasm and 
nucleus, and DG2 located mainly in the cyto-
plasm of LNCaP. In Figure 2B and 2C, FITC 
(green) and rhodamineB (red) refer to K237 
and BH3-HIV-TAT in APPKB, while they indicated 
BH3-HIV-TAT and DG2 in APPBD. Both K237 
and BH3-HIV-TAT were equally located in the 
cytoplasm of PC3 cells, but not the nucleus. 
Both BH3-HIV-TAT and K237 were detected in 
the nucleus and cytoplasm of LNCaP cells, 
same as the peptide alone(Figure 2B). BH3-

HIV-TAT and DG2 were located in the cytoplasm 
of PC3 cells. However in LNCaP cells, BH3-HIV-
TAT was internalized into the nucleus, while 
DG2 was mainly maintained in the cytoplasm 
(Figure 2C). Over laying the red or green fluores-
cence and DAPI staining of the nucleus con-
firmed the nuclear distribution of BH3-HIV-TAT. 
It was confirmed that APPBD and APPKB could 
only be cleaved in LNCaP, which secreted PSA.

The activity of APP8 and the functional pep-
tides in vitro

To further check the action of APP8, MTT was 
carried out in both PC3 and LNCaP. Hoechst 
33258 staining revealed the typical features of 

Figure 3. The effect of peptides on apoptosis of prostate cancer cells. Apoptosis of PC3 and LNCaP cells induced by 
APP8 was detected after the cells were exposed to APP8 for 48 hours, using chromatin staining with Hoechst 33258 
(magnification: 200×) (A). The cell viability was measured using the MTT method (B). The cell cycle was analyzed by 
measuring cellular DNA content on a flow cytometer after LNCaP cells were exposed to K237, DG2 and BH3-TAT (C). 
MTT assay was carried out to evaluate cell viability (D).
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apoptosis, including cell shrinkage, chromatin 
condensation, and hypodiploid genomic DNA 
content in PSA-secreting LNCaP cells exposed 
to 800 μM APP8 for 48 hours after its stability 
was confirmed in LNCaP cells (Supplementary 
Figure 1). However, the same features were 
absent in non-PSA-secreting PC3 cells exposed 
to APP8 (Figure 3A). MTT assay showed that 

the viability of the PSA-secreting cell line LNCaP 
significantly decreased to 22% at 48 hours 
after treatment with 800 μM APP8 (Figure 3B). 
However, viability of the non-PSA-secreting cell 
lines PC3 treated with the same dose of APP8 
barely changed from 95% to 87% (Figure 3B). It 
was suggested that the activity of APP8 was 
PSA dependent.

Figure 4. In-cell western blotting of ERK2, Flk-1, p-ERK and p-Flk-1 in LNCaP cells exposed to peptides. LNCaP cells 
were exposed to, BH3-TATand APP8. ERK-2 and Flk-1 were measured after the cells were exposed to DG2 and K237 
for 48 hours (A). p-ERK and p-Flk-1were measured after the cells were exposed to DG2, K237, BH3-TAT and APP8 
for 48 hours (B). There was only a second antibody in the “–” lane. There were both first and second antibodies 
but no peptides in the “+” lane. Each peptide was added at a concentration of 100, 200, 400, and 800 mM. The 
fluorescence of each well was normalized with that of anti-β-actin in the same lane. Each experiment was carried 
out 3 times along with statistical analysis (C, D).



A PSA-dependent fusion polypeptide inhibits growth of prostate cancer

1060 Am J Cancer Res 2016;6(5):1053-1065

To demonstrate the inhibitory effects of K237 
and DG2 on prostate cancer cell proliferation, 
the cell cycle was analyzed using flow cytome-
try. K237 and BH3-TAT but not DG2 arrested 
cell cycle progression of LNCaP cells at the G1/
G0 and S phases (P < 0.05) (Figure 3C). 
Similarly, MTT assay showed that the BH3-TAT 
peptide (10, 100 or 1,000 μM) reduced the 
viability of LNCaP cells to 82.9%, 79.1% and 
25.0%, respectively, at 24 hours (Figure 3D). 
The K237 peptides reduced it to 91.2%, 85.1% 
and 77.6%. Both BH3-TAT and K237 inhibited 
proliferation of LNCaP cells in a concentration-
dependent manner. In contrast, DG2 did not 
show any significant effect.

FGF and VEGF pathwayinhibited by peptides

To confirm whether the FGF and VEGF pathways 
were blocked, p-ERK-2 and p-Flk-1, which are 
active receptors of bFGF and VEGF respective-
ly, were detected using in-cell western blotting. 
The results in Figure 4A, 4C showed that K237 
and DG2 did not affect expression of ERK-2 
and Flk-1. However, when 800 mM K237 was 
added, the quantity of p-ERK decreased by 
2-folds (normalized fluorescence intensity 72 to 
36) significantly. Also, the normalized fluores-
cence intensity of p-Flk-1 decreased from 81 to 
52 by 800 mM DG2 (Figure 4B, 4D). At the 
same time, BH3-TAT caused the death of LNCaP 

Figure 5. Effect of APP8 on proliferation of prostate cancer cells in vivo. Each 10 mice were subcutaneously injected 
with 3 × 106 LNCaP or PC3 cells, followed by intravenous 100 μg APP8 every 3 days for 30 days. Serum PSA level 
was evaluated (A). Tumor volume (B) was measured at nescropsy of thexenografts. Sections of tumor xenografts 
and other tissues (heart, liver, lung, and kidney) were examined histologically at 200× magnification (C, D).
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cells in a dose-dependent manner, with 800 
mM resulting in the death of all cells. Although 
a concentration of only 100 or 200 mM APP8 
achieved the same effect. Comparing with the 
low level of cell death induced by K237 and 
DG2, APP8 caused more cell death than BH3-
TAT alone. This suggests that apoptosis is the 
main cause of cell death in vitro, although it 
may also be induced by a synergistic effect of 
K237 and DG2.

Cytotoxicity of APP8 in prostate cancer xeno-
grafts

In addition to in vitro testing, 10 nude mice 
bearing the LNCaP or PC3 xenograft were treat-

ed with APP8 for 30 days in vivo. Before that its 
stability was confirmed in mice up to 72 hrs 
(Supplementary Figure 2). The results showed 
that in Figure 3C, serum PSA level in LNCaP 
xenograft significantly decreased from 90 ng/
ml to 30 ng/ml after APP8 treatment, while the 
PSA increased from 90 ng/ml to 150 ng/ml in 
mock group. At the same time, the average vol-
ume of the tumor decreased by 77.3% in APP8 
treatment group in comparison with the mock 
group (Figure 5A, 5B). However, the changes in 
PSA level, and tumor volume in nude mice bear-
ing the non-PSA-secreting PC3 xenograft were 
not significantly different between the APP8- 
and mock-treated groups. Gross observation 
revealed significant tumor necrosis in the 

Figure 6. Effect of peptides on proliferation of prostate cancer cells in vivo. Each 7 mice were subcutaneously 
injected with 3 × 106 LNCaP cells. Mice were intravenously administered with PBS, 1000 µM BH3, DG2 and K237 
every 3 days for 30 days. Tumor xenografts were separated and the tumor weights were checked (A, B). Blood ves-
sel immunostaining was carried out with monoclonal CD34 antibodies using the ABC technique. Immunostained 
tumor sections were scanned at low magnification (40×) and the 3 most densely vascular areas (hot spots) were 
photographed at 200× magnification (C, D). 
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LNCaP xenografts treated with APP8. The 
tumor tissue was less solid and became friable, 
and only the outer membrane of the tumor and 
small amounts of the tumor were left in the 
periphery of the tumor xenografts. H&E stain-
ing revealed necrotic tissue in PSA-secreting 
LNCaP xenografts treated with APP8 (Figure 
5C), while there was vigorous tumor cell growth 
in non-PSA-secreting PC3 cells. However, no 
obvious cytotoxicity was observed in the vital 
organs such as the heart, liver, lung and kidney 
of the xenograft mice(Figure 5D). This result 
supported the low folding rates of APP8, which 
means less activity before being cleaved by 
PSA.

Proliferation of prostate cancer cells inhibited 
by peptides in vivo

To further understand the role of component 
peptides of APP8 in vivo, 0.2 ml of 1 mM DG2, 
K237 or BH3-TAT was also applied to 6 or 7 
xenograft mice. Surprisingly, the tumor weights 
significantly decreased by DG2 and K237 in 
addition to BH3-TAT. This differed greatly from 
their cellular effects in vitro. DG2 reduced 
tumor weight by 81.2%, and K237 by 90.1% as 
compared to the mock-treated group, which 
was much stronger than the 36.4% reduction 
with BH3-TAT (Figure 6A, 6B). In contrast to the 
in vitro tests, inhibition of proliferation by K237 
and DG2 contributed more to tumor growth 
arrest than apoptosis induced by BH3 did.

Because of the roles of FGF and VEGF pathway 
in angiogenesis, MVD in each tumor was com-
pared. BH3-TAT did not change MVD. However, 
DG2 reduced MVD by 34.7%, and K237 
reduced MVD by 49.3% compared with the 
mock-treated group (Figure 6C, 6D). It suggest-
ed that the tumor growth arrest role of K237 
and DG2 in vivo was performed through antian-
giogenesis of the tumor.

Discussion 

As a prodrug, APP8 should be non-cytotoxic 
before being localized in PSA-secreting pros-
tate cancer cells. For this goal, the folding rates 
of the peptides were evaluated to predict their 
topologies. Protein folding is the process of 
transformation of one-dimensional linear infor-
mation encoded in the amino acid sequence 
into a functional 3D structure [26]. The folding 
rate is correlated well with the long range order, 

effective contact order, absolute contact order, 
total contact distance, a chain topology param-
eter, and the effective length of the protein 
[25]. Analysis of APP8 showed a distinguish-
able lower lnKf from the high lnKf of the indi-
vidual peptides (Figure 1). This indicated that 
APP8 did not fold as well as its components did. 
Therefore, the activity of the original peptides 
would be lost completely or incompletely in 
APP8. This was confirmed by the cellular and 
xenograft experiments, in which APP8 did not 
show induction of apoptosis of PC3 cells (Figure 
4C), did not inhibit PC3 xenograft tumor growth 
(Figure 4F), and did not show cytotoxicity to the 
heart, liver, spleen, lung or kidney of the xeno-
graft mice.

PSA-specific small peptides have been de- 
signed and conjugated to doxorubicin or vin-
blastine to generate inactive prodrugs that can 
be selectively activated by PSA-producing 
tumors both in vitro and in vivo [27, 28]. 
Recently, an albumin-doxorubicin prodrug, in 
which albumin acted as the drug carrier, was 
introduced to improve cancer chemotherapy 
[29]. In this study, APP8 was hydrolyzed by PSA 
in vitro and in vivo. Both APPKB and APPBD 
released BH3-TAT into the nucleus of PSA-
secreting LNCaP cells, but not in PC3 cells that 
did not secrete PSA. APP8 induced apoptosis of 
LNCaP but not PC3 cells. Furthermore, APP8 
inhibited the growth of LNCaP but not PC3 
xenografts. It was demonstrated that APP8 was 
a tissue specific prodrug that could be activat-
ed only by PSA to suppress the growth of pros-
tate cancer. Here, the TAT protein transduction 
domain (PTD) used to fuse with BH3 was 
derived from amino acids 47-57 of the HIV TAT 
protein for their ability to cross the cell mem-
brane and deliver macromolecular cargo in cell 
culture and in vivo [30]. It avoids many draw-
backs of traditional viral delivery systems in 
gene therapy, such as low delivery efficiency, 
serious toxicity, and immunogenicity. Recent 
studies showed that the TAT-survivin peptide, 
which results in apoptotic cell death specifically 
in tumor cells, could be used in the treatment 
of several cancers, including prostate, breast, 
leukemia, melanoma and glioma [31].

Improving the targeted therapy of PSA-activated 
prodrugs trategies may rely on some cytotoxic 
effectors to exert an anticancer function effi-
ciently [29]. The molecules used in this experi-
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ment were proapoptotic BH3 domain with an 
HIV-TAT transduction domain, and VEGF and 
bFGF inhibitors K237 and DG2. It was hopefully 
designed to suppress the tumor from both 
inside and outside the cell. 

In vitro, APP8 induced a high level of LNCaP cell 
death, mainly dependent on BH3. This was 
because BH3 could induce apoptosis [8], cell 
cycle arrest at the G1/G0 stage, and further 
suppress cell growth in a concentration-depen-
dent manner.

VEGF and bFGF, two important proangiogenic 
factors, are involved in tumor angiogenesis and 
tumor cell proliferation [32]. Inhibition of the 
interaction between VEGF, bFGF and their cor-
responding receptors is one strategy for cancer 
therapy [33, 34]. K237 is an antagonist of the 
VEGF receptor KDR/Flk-1, and DG2 is an inhibi-
tor of bFGF through blocking binding to the 
high-affinity receptor ERK1/2. They inhibit the 
phosphorylation of the receptors in LNCaP 
cells. Thus, it was expected that APP8, the 
fusion of BH3-TAT, K237 and DG2, would induce 
more cell death than BH3-TAT alone. In addi-
tion, it was confirmed that K237 inhibited pro-
liferation of LNCaP cells in a concentration-
dependent manner. This result was in agree-
ment with the study of Deezagi et al, [35] which 
showed that hVEGF-siRNA significantly induced 
~34% more apoptosis of DU-145 cells than the 
controls at 72 hours [35]. This suggests that 
anti-hVEGF suppresses the growth of endothe-
lial cells as well as prostate cancer cells.

It was surprising that APP8 showed different 
mechanisms in vitro and in vivo. Xenograft 
tests showed that BH3 peptide had a suppres-
sion rate of only 36.4%, which was less than 
that of DG2 and K237 (81.2% and 90.1%, 
respectively). This was similar to the studies in 
which DG2 alone inhibited aortic endothelial 
cell growth by 70% [35], and K237 only reduced 
breast tumor weight by 70% in vivo [36]. The in 
vivo effect was exerted through inhibition of 
microvessel growth by DG2 and K237. They 
reduced MVD by 34.7% and 49.3% respective-
ly. However, BH3 had no significant rolesin 
changing MVD. It is suggested that FGF and 
VEGF pathway-dependent microvessels are 
important for tumor tissue growth in vivo. APP8 
was mainly dependent on K237 and DG2 pep-
tides to inhibit the growth of prostate cancer in 
vivo.

Our results demonstrated that the PSA-
activated, TAT-delivered polypeptide selectively 
delivered the therapeutic peptide into specific 
tumor cells. Because prostate cancer can be 
found at both early and later stage, inducing 
apoptosis or anti-angiogenesis does not even-
tually eliminate the tumor cells. Combining inhi-
bition of tumor angiogenesis and simultane-
ously inducing tumor apoptosis may be a suc-
cessful approach to treat both early and later 
stage human prostate carcinoma. 
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Supplementary Table 1. PSA level of LNCaP and 
PC3 cell (ng/ml)*

Time
LNCaP PC3 

Cell culture Cytoplasm Cell culture Cytoplasm
Day 1 8.8 0
Day 2 25.81 82.83 0 0
Day 3 56.68 72.16 0.01 0.03
Day 4 96.61 190.6 0 0
Day 5 97.07 216.4 0 0
*Total PSA (T-PSA) were measured in 100 μl of the cell culture 
or cell lysis buffer (106 cells/1 ml lysis buffer).
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Supplementary Figure 1. Stability of APP8 in LNCaP cell. 50 µM FITC-labeled APP8 was added into cell culture of 
the LNCaP cell on 6-well plate. Then the cell was collected at 4 (B), 8 (C), 24 (D), 48 (E), and 72 (F) hrs with control 
(A) and flow cytometry was carried out to measure the fluorescence cells.
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Supplementary Figure 2. Stability of APP8 in mice. 0.2 ml of 1 mM FITC-labeled APP8 was injected iv on LNCaP  
xenografts  mice. Then animal vivo imaging was carried out on Caliper IVIS Lumina II (Caliper Life Sciences, Inc, USA) 
at 2 (A), 24 (B), 48 (C) and 72 (D) hrs later.


