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ABSTRACT
Purpose To identify a LNCaP-specific peptide using a phage
display library and evaluate its potential applications in targeted
drug delivery.
Methods Binding abilities of selected phages were evaluated
by cell phage ELISA. The KYL peptide encoded by the most
specific phage clone was synthesized, labeled with fluorescein,
and assayed in various cell lines. A fusion peptide composed of
the KYL peptide and a proapoptotic peptide D(KLAKLAK)2 was
synthesized, and the cell death effect was evaluated on different
cells. Moreover, the KYL peptide was conjugated to a cationic
protein, protamine, to explore its potential application in siRNA
delivery.
Results One phage clone with a high binding affinity to LNCaP
cells was identified. Cell phage ELISA and immunostaining
demonstrated high specificity of this phage to LNCaP cells. The
fluorescein-labeled KYL peptide exhibited higher binding to
LNCaP cells in comparison to other cells. The fusion peptide
composed of the KYL peptide and the proapoptotic peptide
induced cell death in LNCaP cells, but not in PC-3 cells. The
KYL peptide-protamine conjugate also efficiently delivered a
fluorescein-labeled siRNA into LNCaP cells.
Conclusion We identified a LNCaP-specific peptide and
demonstrated its potential applications in targeted drug delivery
to LNCaP cells.

KEY WORDS LNCaP. peptide ligand . phage display . prostate
cancer . siRNA

INTRODUCTION

Prostate cancer is the most common form of malignancy and
the second leading cause of cancer death in American men (1).
Although localized prostate cancer can be diagnosed with the
PSA (prostate-specific antigen) screening test and effectively
treated by surgery and radiation therapy, the 5-year relative
survival rate for prostate cancer metastasis is as low as 30.2%.
Current standard therapies for prostate cancer include
surgery, radiation and adjuvant hormonal therapy. Despite
the fact that these therapies are relatively effective in the early
stage, the majority of patients initially diagnosed with
localized prostate cancer ultimately relapse. The major risk
faced by prostate cancer patients is therefore the development
to metastasis (2). Consequently, intensive efforts have been
made to develop therapeutics for the treatment of late-stage
prostate cancer, which requires systemic delivery of the drug.

However, lack of efficient delivery to cancer cells in vivo is
the primary challenge in achieving a good therapeutic
outcome in cancer therapy. As a result, a great deal of
attention has been directed to targeted delivery strategies to
overcome this challenge. Among the numerous targeting
approaches, monoclonal antibody is the first type of ligand
used for targeted drug delivery due to its high affinity.
However, its application in drug delivery is limited so far,
owing to the large molecular weight (150 kDa) and possible
immunogenicity. Compared to antibody, peptide is a more
appropriate targeting moiety due to its small molecular
weight, ease of synthesis, high cellular permeability, non-
immunogenicity, and flexibility in chemical conjugation (3).
Small peptide ligands that bind to a specific receptor or
enhance cell penetration have been conjugated to a wide
variety of drug delivery systems (4), small molecule drugs
(5), and nucleic acids (6) to improve the therapeutic efficacy.
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Peptides have also been linked to radio-labeled agents for
diagnosis purposes (7,8).

Recently, peptide phage display library has been used to
identify peptides that bind to specific molecular targets. Phage
display biopanning is a selection technique using a library of
various peptides or proteins expressed on the surface of
filamentous phages. Through different biopanning proce-
dures (in vivo or in vitro), this technology provides a valuable
tool for identifying peptides that can specifically bind to
target proteins (9,10), cells (4,11–15) or tissues (16,17).
Biopanning has been successfully adopted to identify
peptides against diverse targets via affinity selection (18–
21), which resembles in essence the traditional chemical
libraries but with a much diverse library containing billions
of different peptides (19). Scientists generally conduct the
biopanning procedure using recombinant target proteins that
are immobilized in a solid phase. However, the complex and
variant cell-surface landscapes on tumor cells require not only
the affinity selection to the target protein, but also the affinity
selection to the whole cell (18). Hence, we performed an
extensive whole-cell biopanning on the PSMA (prostate
specific membrane antigen)-positive prostate cancer LNCaP
cells. The LNCaP cell line is the most commonly used in vitro
carcinoma cell model for prostate cancer research (22,23).
LNCaP cells express key prostatic biomarkers including
PSA, PSMA and prostate acid phosphatase (PAP) (24).
Moreover, LNCaP cells maintain the hormone-response and
malignant properties. The aims of this study are to identify
a LNCaP-specific peptide ligand and then evaluate its
potential applications in targeted drug delivery. It is expected
that the peptide identified in this study can bind to a
significant proportion of prostate cancer cells.

MATERIALS AND METHODS

Materials

The M13 phage display peptide library (Ph.D.™-12) and
ER2738 bacteria were purchased from New England Biolabs
(Beverly, MA). LNCaP, PC-3, MCF-7, SK-BR-3 and DU145
cells were obtained from the American Type Culture
Collection (Rockville, MD). The rat hepatic stellate cell line
(HSC T6) was kindly provided by Dr. Scott L. Friedman
(Mount Sinai School of Medicine, New York University).
Horseradish peroxidase (HRP)-conjugated anti-M13 mono-
clonal antibody was purchased from GE Healthcare Bio-
Sciences (Piscataway, NJ). KYLAYPDSVHIW (KYL peptide)
and KYLAYPDSVHIWGG-D(KLAKLAK)2(KYL-KLA
peptide) were ordered from Genscript (Piscataway, NJ).
D(KLAKLAK)2(KLA peptide) was purchased from Anaspec,
Inc. (Fremont, CA). Protamine (grade X) was obtained from
Sigma-Aldrich Corporation (St Louis, MO). N-

Succinimidyl-3-(2-pyridyldithio) propionate (SPDP) was pur-
chased from Thermo Fisher Scientific, Inc. (Pittsburgh, PA).
The BLOCK-iT™ Fluorescent siRNA was obtained from
Invitrogen (Carlsbad, CA). All cell culture reagents were
obtained from Thermo Fisher Scientific, Inc. (Pittsburgh,
PA) as well as Mediatech, Inc. (Manassas, VA).

Whole-Cell Biopanning on LNCaP Cells

The whole-cell biopanning was performed on prostate cancer
cells according to the BRASIL method with minor modifica-
tions (25). First, the phage library was incubated with PC-3
cells to remove the non-specific bound phages. Briefly, PC-3
cells were detached with cold PBS including 5 mM EDTA
and then suspended in RPMI-1640 medium containing 1%
BSA to a density of 107 cells per ml. Ten microliters of the
phage display library (~1011 pfu phages) were added into
100 μl of the cell suspension and incubated at 4°C for 1 h
under shaking. The cell suspension was centrifuged through
an organic phase composed of dibutyl phthalate and
cyclohexane (9:1, v/v). The supernatant was collected as the
precleaned phage display library, which was subsequently
transferred to LNCaP cell suspension (106 cells per ml) in a
1.5 ml microcentrifuge tube. After incubation at 4°C for 3 h,
the cell suspension was centrifuged through the same organic
phase described above. After snap freezing in liquid nitrogen,
the bottom of the micro centrifuge tube was sliced off. Phages
in the cell/phage complex on the bottom were recovered by
infecting ER2738 bacteria, followed by amplification for next
round biopanning. Individual plaques were randomly select-
ed, and the affinities to LNCaP cells were assayed by cell
phage ELISA. DNA of the selected phages was sequenced to
obtain the 12-mer peptide sequence.

Cell Phage ELISA

Cell phage ELSIA was performed as reported (26). Briefly,
LNCaP cells were cultured in 96-well plates at a density of
50,000 cells per well for 15 h, followed by fixation with cold
methanol-acetone (1:1, v/v). Phages were suspended in
RPMI-1640 medium containing 1% BSA and incubated
with the fixed LNCaP cells for 1 h. After washing to remove
the unbound phages, the cells were incubated with HRP-
conjugated anti-M13 monoclonal antibodies for 1 h. TMB
substrate was then added, and the absorbance at 450 nm
was measured subsequently with a Beckman DTX 880
multimode Detector (Beckman coulter, Inc., Brea, CA).

Phage Recovery

The phage recovery procedure is similar to cell phage
ELISA. LNCaP cells (5×104 cells per well) were cultured in
96-well plates for 15 h, followed by fixation with cold
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methanol-acetone (1:1, v/v). Phages were suspended in
RPMI-1640 medium containing 1% BSA and then incu-
bated with the LNCaP cells for 1 h. After removing the
unbound phages by washing with PBS buffer, the bound
phages were eluted using 0.2 M glycine-HCl buffer (pH2.2)
and then neutralized with 1 M Tris-HCl buffer (pH9.1).
The number of phages in the eluting buffer was titered by
infecting ER2738 bacteria as per instructions from New
England Biolab (Beverly, MA).

Sequencing and Analysis of the Phage Encoding
Peptide

Phage DNA was isolated from selected phage clones and
then sequenced with an ABI Genetic Analyzer 3100
(Applied biosystems, USA). The primer used for sequencing
is 5′-CCCTCATAGTTAGCGTAACG-3′. The encoded
peptide sequence was deduced from the DNA sequence.

Competitive Inhibition Study

Competitive binding inhibition between the positive phage
clone and its encoded peptide was examined in this study.
LNCaP cells (5×104 cells per well) were cultured and fixed
with cold methanol-acetone (1:1, v/v). The fixed cells were
incubated with different concentrations of the KYL peptide or a
non-specific peptide for 30 min, followed by removing the
unbound peptides by washing the cells with PBS. The phages
were suspended in RPMI-1640 medium containing 1% BSA
and then incubated with the cells for 1 h. The unbound phages
were removed by washing, and the bound phage was recovered
and titered as described above in the phage recovery procedure.

Immunostaining of the Bound Phages

LNCaP cells were cultured on a Lab-Tek® 8-well chamber
slide overnight. The cells were fixed with cold methanol-
acetone (1:1, v/v) and then incubated with ~1010 pfu
phages per well at room temperature for 1 h. After washing
to remove the unbound phages, the cells were incubated
with HRP-conjugated anti-M13 monoclonal antibodies at
room temperature for 1 h. The slide was subsequently
treated with DAB substrate (Invitrogen, CA) and examined
with a Leica DMI3000 fluorescence microscope (Leica
Microsystems GmbH, Wetzlar, Germany).

Cellular Uptake of the Fluorescein-Labeled KYL Peptide

The KYL peptide was labeled with fluorescein using the NHS-
Fluorescein Kit (Thermo scientific) as per the manufacturer’s
protocol. The fluorescein-labeled KYL peptide was purified
using a Bio-GelP6-DG column (Bio-Rad, CA). For the
cellular uptake study, the fluorescein-labeled KYL peptide

(10 μg/ml) was added to cells that were cultured and fixed on
a chamber slide. After incubation at 4°C for 15 min, the cells
were washed with PBS to remove the unbound fluorescein-
labeled KYL peptides. The cells were then examined with a
Leica DMI3000 fluorescence microscope to determine the
cellular uptake of the fluorescein-labeled KYL peptide.

Cell Viability Assay

LNCaP and PC-3 (1×104 cells per well) cells were cultured
in 96-well plates for 12 h in RPMI-1640 medium containing
10% FBS. The cells were incubated with different concen-
trations of the KYL-KLA fusion peptide or the mixture of
KYL and KLA peptides (KYL&KLA) for 48 h. For the
endocytosis inhibition study, the cells were incubated with
20 μM KYL-KLA fusion peptide or KYL&KLA peptide
mixture in the presence of 20 mM sodium azide in 100 μl
RPMI-1640 medium containing 1% FBS for 2 h. Cell
viability was measured using MTT (3-(4,5-Dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) assay.

Conjugation of the KYL Peptide to Protamine

First, a N-Succinimidyl-3-(2-pyridyldithio) propionate
(SPDP) group was conjugated to protamine. Two milli-
grams of protamine in 1 ml PBS (pH7.2) were incubated
with 25 μl SPDP (100 mM in DMF) at room temperature
for 1 h. The product was passed through a Sephadex G15
column twice to remove the impurities. The SPDP-
protamine was freeze-dried and reconstituted in sterile
water. Concentration of the SPDP-protamine was assayed
using BCA protein assay. The level of SPDP-modification
was determined by comparing the absorbance of pyridine
2-thione at 343 nm (E343 nm=8080M−1 cm−1) before and
after the treatment with dithiothreitol (DTT).

The SPDP-protamine (150 μl, SPDP 0.2 mM) was then
incubated with the KYL peptide (10 mM, 15 μl) containing
an additional cysteine at the C-terminal and 16 μl glycine/
NaCl buffer (100 mM, pH8.7) at 4°C for 12 h. The
conjugated protamine-KYL was purified on a Sephadex
G15 column. The final product was freeze-dried and
dissolved in PBS buffer. Concentration of the protamine-
KYL was determined using BCA protein assay.

Transfection of a Fluorescein-Labeled siRNA
Using the Protamine-KYL Conjugate

LNCaP cells were seeded in 24-well plates at a density of
0.5×105 cells per well 12 h before the transfection. Two
and a half micro liters of 20 μM BLOCK-iT™ Fluorescent
Oligo (a fluorescein-labeled dsRNA designed for RNAi study)
were mixed with 1.5 μg protamine or protamine-KYL in
100 μl serum-free RPMI-1640medium and then incubated at
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room temperature for 10 min to form a complex. After
washing cells with PBS, 40 μl of the transfection complexes
were added to each well with 60 μl of the serum-free RPMI-
1640medium at a final concentration of 200 nM siRNA. Five
hours after the transfection, the mediumwas removed and the
cells were washed twice with PBS. Fluorescence of the FITC-
fluorescein labeled siRNA was observed using a Leica
DMI3000 fluorescence microscope.

Treatment of DHT (5-α-dihydrotestosterone)

LNCaP cells were cultured in 5% charcoal-stripped FBS
RPMI-1640 for 24 h. The cells were subsequently supplied
with 5% charcoal-stripped FBS RPMI-1640 containing
2 nM DHT (or the same volume of DMSO as a control)
and incubated for another 48 h. The PSMA expression on
LNCaP cells was assayed by Western blot. The effects of
KYL-KLA peptide on DHT-treated cells and control cells
were examined by MTT assay as mentioned above.

Western Blot

The cells were lysed on ice in the RIPA lysis buffer
containing protease and phosphatase inhibitor cocktails.
After 5 min incubation, the cell lysate was collected and
clarified by centrifugation at 4°C for 10 min at 12,000 rpm.
The amount of total protein was determined using a BCA

protein assay kit. Equal amount of total protein (20 μg)
was loaded and separated by SDS-PAGE. The protein
was transferred to a nitrocellulose membrane, blocked
and probed with appropriate antibody. The protein was
visualized using horseradish peroxidase-conjugated sec-
ondary antibodies and the FluorChem FC2 imaging
system (Alpha Innotech, CA). Anti-PSMA antibody
(Abcam, Cambridge, MA), anti-β-Actin antibody (Rockland,
Gilertsville, PA), and HRP-conjugated secondary antibody
(Invitrogen, Carlsbad, CA) were used in the Western blot
assay.

Statistics Analysis

Data were expressed as the mean±standard deviation (SD).
Difference between any two groups was determined by
ANOVA. P<0.05 was considered statistically significant.

RESULTS

Identification of LNCaP-Specific Peptides
Using the Ph.D.TM-12 Phage Display Library

To identify peptides that specifically bind to LNCaP cells,
four rounds of whole cell biopanning were performed on
LNCaP cells after pre-cleaning on PC-3 cells to remove the

Fig. 1 Binding efficiency of randomly selected phage clones on LNCaP and PC-3 cells. Phage clones were randomly selected after the third and
fourth biopanning rounds. Binding of the phages on LNCaP and PC-3 cells was examined with cell phage ELISA. Results are represented as the
mean±SD (n=3).
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non-specific bound phages. In each round, approximately
1011pfu of phages were incubated with LNCaP cells at 4°C
for 3 h for selection. A number of phage clones after the
third and fourth rounds of biopanning were randomly
selected and amplified. Binding abilities of these selected
phage clones were evaluated on LNCaP and PC-3 cells by
cell phage ELISA (Fig. 1). The phage clone (clone 4–50)
with the highest OD450 nm,LNCaP/OD450 nm,PC-3 as well as
the highest binding affinity to LNCaP cells was selected for
DNA sequencing, and the encoded peptide KYLAYPDSV-
HIW was named the KYL peptide (the phage encoding the
KYL peptide was named the KYL phage) for further
studies.

Binding of the KYL Phage to LNCaP Cells

A computer-generated structure model of the KYL peptide
is shown in Fig. 2c. Binding of the KYL phage to LNCaP
cells is significantly higher than that of an insertless phage,
which is used as a negative control because it does not
express any peptide on the surface of filamentous phages
(Fig. 2a). Binding of the KYL phage to LNCaP cells was
also examined by immunostaining. Fixed LNCaP cells were
incubated with the KYL phage and the insertless phage as
the negative control. The unbound phages were removed
by washing the cells with PBS buffer, and the bound phages
were detected using the HRP-conjugated anti-M13 mono-

Fig. 2 Determination of the binding of KYL phage on LNCaP cells by cell phage ELISA (a) and immunostaining (b). (a) LNCaP cells (50,000 cells per well)
were cultured in 96-well plates were fixed with cold methanol-acetone (1:1, v/v). The KYL phage and insertless phage (109 and 1010pfu) were incubated with
the cells for 1 h, and the bound phages were determined by cell phage ELISA. Results are represented as the mean±SD (n=3).*p<0.05, **p<0.01. (b)
LNCaP cells cultured on Lab-TEK® 8-well chamber slides were fixed and incubated with ~1010 pfu phages at room temperature for 1 h. The cells were
incubated with HRP-conjugated anti-M13 monoclonal antibody at room temperature for 1 h and then visualized using the DAB substrate. (c) Computer-
generated model structure of the KYL peptide. The KYL peptide sequence was analyzed using mobile (http://mobyle.rpbs.univ-paris-diderot.fr/cgi-bin/portal.
py?form=PEP-FOLD#). The structure was obtained by UCSF chimera molecular modeling system using the mobile-generated PDB file. Green color
indicates hydrophilic residues, and red color indicates hydrophobic residues.
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clonal antibody. Compared to the insertless phage, the
KYL phage demonstrated a significant higher binding to
LNCaP cells (Fig. 2b). This result further demonstrated the
specific binding of the KYL phage to LNCaP cells.
According to the computer-generated structure model
(Fig. 2c), the sequence of the KYL peptide is composed of
three blocks, two hydrophobic blocks (“YLAY” and
“VHIW”) and one hydrophilic block (“PDS”) in the center.
This model structure suggested that the KYL peptide may
have a “loop-like” structure (Fig. 2c), which is a common
structure in the hyper variable binding site of a Fab antibody
fragment (27).

In order to evaluate the specificity of the KYL phage, we
compared its binding affinity in six different cells lines,
including three prostate cancer cell lines (LNCaP, PC-3,
DU-145), two breast cancer cell lines (MCF-7, SK-BR-3),
and a hepatic stellate cell line (HSC-T6) using cell phage
ELISA. As shown in Fig. 3a, the KYL phage exhibited the
highest binding to LNCaP cells in comparison to other
cells. This result indicated that the KYL phage has a high
binding affinity as well as a good specificity to LNCaP cells.

Next, we conducted a competitive inhibition study to
determine whether the KYL phage binds to LNCaP cells
via the specific interaction of the KYL peptide, which is
expressed on the surface of filamentous phage, and LNCaP
cells. LNCaP cells were pre-incubated with the synthetic
KYL peptide (KYLAYPDSVHIW) or a scrambled peptide.
After washing to remove the unbound peptides, the LNCaP
cells were incubated with the KYL phage, and the bound
phages were eluted and titered. As evident from Fig. 3b, the
synthetic KYL peptide competed efficiently with the KYL
phage for binding to LNCaP cells, and the competition is

concentration dependant. Pre-incubation with the KYL
peptide at 2.68 μM inhibited the binding affinity of the
KYL phage to LNCaP cells by 70%. On the contrary, pre-
incubation with the control peptide did not significantly
inhibit the binding affinity of the KYL phage. This
observation clearly indicated that the binding of the KYL
phage to LNCaP cells is mediated by the KYL peptide
expressed on the phage surface.

Binding of the KYL Peptide to LNCaP Cells

To determine whether the synthetic KYL peptide alone
binds to LNCaP cells, the KYL peptide was labeled with
fluorescein and then incubated with LNCaP cells and
other cell lines including PC-3, DU145, MCF-7, SK-BR-
3 and HSC-T6. As illustrated in Fig. 4a, a very intense
fluorescence was observed on LNCaP cells, while negligi-
ble fluorescence was detected on other five cell lines. This
result revealed that the synthetic KYL peptide alone has a
significant higher binding on LNCaP cells in comparison
to other cells tested in this study. We also co-cultured
LNCaP and DU145 cells together and incubated them
with the fluorescein-labeled KYL peptide. The KYL
peptide only exhibits substantial staining on LNCaP cells
rather than DU145 cells, suggesting the high specificity of
the KYL peptide (Fig. 4b).

The KYL Peptide Enhances the Uptake and Apoptotic
Effect of a Proapoptotic Peptide

The final objective of this study is to identify a prostate
cancer-specific peptide that can be applied in targeted

Fig. 3 Binding affinity of the KYL phageon different cell lines. (a) Binding of the KYL phage on different cell lines was assayed by cell phage ELISA. The KYL
phages (3×109pfu per well) were used for this experiment. Results are represented as the mean±SD (n=3). (b) Competition of the synthetic KYL
peptide with the binding of the KYL phage on LNCaP cells. Fifty thousand LNCaP cells per well were cultured and fixed with cold methanol-acetone (1:1).
The cells were incubated with the synthetic KYL peptide or a scrambled peptide for 30 min, followed by washing and incubating with the KYL phages for
1 h. The bound phages were recovered and titered. Results are represented as the mean±SD (n=3). (*p<0.05, **p<0.01).
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drug delivery. Therefore, it is important to demonstrate
whether the KYL peptide can be employed for cell-
specific delivery of various cargos. For this purpose, a
fusion peptide composed of the KYL peptide and a
proapoptotic peptide D(KLAKLAK)2 were synthesized.
The proapoptotic peptide is known to be capable of
triggering mitochondrial disruption and inducing cell
apoptosis and cell death (28). As Fig. 5a demonstrated,
incubation of LNCaP cells with 20 μM KLA peptide,
KYL peptide, or the mixture of KLA and KYL peptides
did not exhibit any change in the cell morphology and
viability. By contrast, significant cell death was observed in
cells treated with the KYL-KLA fusion peptide, suggesting
that the KYL peptide mediates a specific cellular uptake of
the fusion protein in LNCaP cells to induce the cell death.

Furthermore, we examined the effect of the KYL-KLA
fusion peptide on the viability of LNCaP and PC-3 cells.
The data presented in Fig. 5b indicated that the
incubation of LNCaP cells with the KYL-KLA fusion
peptide at 20 μM resulted in approximately 80% cell
death in comparison to cells treated with the mixture of
KYL and KLA peptides at the same concentration.
However, the same effect of the KYL-KLA fusion peptide
was not observed in PC-3 cells. These results further
proved that the cell death effect of the fusion peptide in
LNCaP cells is mediated by the LNCaP-specific KYL
peptide, and cellular uptake of the fusion peptide in PC-3
cells is negligible.

Although we did not assay the discrete binding
affinity of the KYL peptide, the viability IC50 of the

Fig. 4 Binding of the KYL peptide on different cells lines. (a) Binding of the fluorescein- labeled KYL peptide on different cell lines. The fluorescein-labeled
KYL peptide (10 μg/ml) was incubated with fixed cells at 4°C for 15 min. After washing, the fluorescence was examined using a Leica DMI3000
fluorescence microscope. (b) LNCaP cells and DU145 cells co-cultured in a Lab-TEK® 8-well chamber slide were fixed and stained with the fluorescein-
labeled KYL peptide. The fluorescence was examined using a Leica DMI300 fluorescence microscope (white arrows indicate DU145 cells).
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KYL-KLA fusion peptide on LNCaP cells is approxi-
mately 15 μM (Fig. 5b), which is similar to peptide ligands
identified by other groups using the phage display
technology (15,29).

Cellular Uptake of the KYL-KLA Fusion Peptide
is Inhibited by Sodium Azide

We next examined whether the cellular uptake is mediated
by endocytosis. LNCaP and PC-3 cells were incubated with
the KYL-KLA fusion peptide or the mixture of KYL and
KLA peptides in the presence of 20 mM sodium azide,
an ATPase inhibitor. As Fig. 6a showed, the KYL-KLA
peptide induced cell death in the absence of sodium
azide, but not in the presence of sodium azide. In
comparison, sodium azide did not affect the apoptotic
effect of the mixture of KYL and KLA peptides. Similar
results were also observed in cell morphology (Fig. 6b).
Collectively, these data suggested that the uptake of the KYL-

KLA fusion peptide is mediated by endocytosis which is energy
dependent.

KYL Peptide Enhances the Uptake of the Protamine/
siRNA Complex

Finally, we explored the possibility of applying the KYL
peptide in delivering siRNA into LNCaP cells. Protamine is
a cationic peptide that has been widely used as a carrier for
nucleic acid delivery (30–33). To determine whether the
KYL peptide can enhance the cellular uptake of siRNA in
LNCaP cells, protamine was conjugated to the KYL
peptide via a disulfide bond (Fig. 7), which can be cleaved
in the cytoplasm (34). A fluorescein-labeled siRNA was
transfected by the protamine-KYL conjugate or protamine
alone at a concentration of 200 nM. Five hours after the
transfection, the cells were washed to remove the unbound
siRNA. The fluorescence signal was then observed using a
fluorescence microscope. As Fig. 8 illustrated, LNCaP cells

Fig. 5 Apoptotic effect of the KYL-KLA fusion peptide on LNCaP and PC-3 cells. (a) Sequences of the KYL peptide, KLA peptide, and KYL-KLA fusion
peptide are listed. LNCaP cells were incubated with 20 μM of the KYL peptide, KLA peptide, KYL-KLA fusion peptide, or the mixture of KYL and KLA
peptides for 24 h. Cell morphology was monitored with an inverted microscope. (b) LNCaP and PC-3 cells were incubated with the KYL-KLA fusion
peptide and the mixture of KYL and KLA peptides at different concentrations for 24 h. Cell viability was determined by MTTassay. Results are represented
as the mean±SD (n=3).
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incubated with the protamine-KYL/siRNA complex dis-
played strong and evenly distributed fluorescence in the
cytoplasm, indicating a significant uptake of the fluorescein-

labeled siRNA. In contrast, negligible fluorescence was
observed in the cells treated with the protamine/siRNA
complex. This result clearly demonstrated that the KYL

Fig. 6 The effect of sodium azid on the internalization of the KYL-KLA fusion peptide. (a) LNCaP cells were incubated with the KYL-KLA fusion peptide
or the KYL/KLA mixture in the absence or presence of 20 mM sodium azide for 2 h. Cell viability was then determined by MTT assay. Results are
represented as the mean±SD (n=3).(**p<0.01). (b) Morphology of the treated cells was monitored with an inverted microscope.

Fig. 7 Schematics of the KYL-protamine conjugation (a) and complexation of the KYL-protamine with siRNA (b).
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peptide can significantly enhance the cellular uptake of
siRNA in LNCaP cells, suggesting a promising application
of the KYL peptide in targeted drug delivery to prostate
cancer cells.

Evaluation of PSMA as the Potential Target
of the KYL Peptide

LNCaP cells are PSMA positive, and PSMA is highly
expressed on most prostate cancers and the neovascula-
ture of solid tumors in comparison to other normal
tissues (24,35). Therefore, we initially speculated that
PSMA could be the receptor that is responsible for the
interaction with the KYL peptide. We examined this
speculation by down-regulating PSMA with 5-α-
dihydrotestosterone (DHT) or blocking PSMA with the
anti-PSMA antibody. We incubated the apoptotic KYL-
KLA fusion peptide (20 μM) with LNCaP cells that were
pretreated with DHT, an androgen that decreases the
PSMA expression on LNCaP cells (36). DHT treatment
substantially inhibited the PSMA expression in LNCaP
cells (Fig. 9a). However, there is only a minor increase in
the viability of the cells treated with DHT in comparison
to cells that were not treated with DHT (Fig. 9b). In
another experiment, fixed LNCaP cells were pre-

incubated with the anti-PSMA antibody (0, 1, 5 μg/ml)
for 1 h and then incubated with 3×109 pfu KYL phages.
Binding of the KYL phage was measured by cell phage
ELISA. Anti-PSMA antibody showed a negligible compe-
tition effect at a low concentration (1 μg/ml) and
approximately 25% competition at the concentration of
5 μg/ml (Fig. 9c). These results suggested that PSMA may
not be the target for the KYL peptide.

DISCUSSION

In this study, we identified a peptide ligand that specifically
binds to prostate cancer LNCaP cells using a whole-cell
biopanning procedure. The selected phage clone and its
encoded peptide (KYL peptide) exhibited a high and
specific binding to LNCaP cells. Moreover, the KYL
peptide specifically delivered a proapoptotic peptide and a
fluorescein-labeled siRNA to LNCaP cells.

Biopanning of phage display library can be performed
on recombinant proteins, whole cells or living animals (also
known as in vivo biopanning). Biopanning against a coated
recombinant protein is easily controlled, and there is no
interference from other impurities. However, the native
structure and conformation of a recombinant protein

Fig. 8 KYL-conjugated protamine increases the uptake of siRNA in LNCaP cells. Two and a half microliters of the BLOCK-iT™ Fluorescent siRNA
(20 μM) were mixed with 1.5 μg protamine (or the protamine-KYL conjugate) in 100 μl serum-free RPMI-1640 medium at room temperature for 10 min
to form the complex. After washing cells with PBS, the siRNA complexes were added to each well at a final concentration of 200 nM. Five hours after the
transfection, the fluorescence was examined using a Leica DMI3000 fluorescence microscope.
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may be disrupted during the coating process. As a result,
the identified phage that specifically binds to the
recombinant protein may not bind to the native protein
on the cell surface. In the case of whole-cell biopanning,
there are a great number of proteins, lipids, and
carbohydrates on the cell surface that can interfere with
the binding of phages to its target. Therefore, the whole-
cell biopanning is more complicated and time consum-
ing. However, the peptide identified using the whole-cell
biopanning can efficiently bind to the target molecules
on the cells. Thus, we used the whole-cell biopanning
procedure to screen peptide ligand that can specifically
bind to prostate cancer LNCaP cells.

LNCaP cell line is the most extensively used carcinoma
cell model for prostate cancer studies (22,23). LNCaP cells
were isolated from a biopsy of lymph node metastatic lesion
of a human prostate adenocarcinoma. It expresses all the
important prostatic markers including PSMA, PSA, AR,
PAP and hK2 (22,23). Although LNCaP cells are
androgen-sensitive, they gradually lose the androgen
requirement for proliferation upon multiple passages,

which mimics the progression of prostate cancer cells to
an androgen-independent phase. Thus, LNCaP cell line is
frequently used as a cell model to simulate the early stages
of prostate cancer progression (37). In this study, LNCaP
cells were used for the whole-cell biopanning so that we can
identify a peptide that can bind to a significant proportion
of prostate cancer cells.

We performed various studies, including cell ELISA,
immunostaining, and competition assay, to prove that the
KYL peptide specifically binds to LNCaP cells. In addition,
we demonstrated that the KYL peptide can enhance the
cellular uptake of therapeutic agents, including a proapop-
totic peptide (Fig. 5) and a fluorescein-labeled siRNA
(Fig. 8). The proapoptotic peptide is a cationic peptide that
binds and disrupts mitochondrial membrane, leading to cell
apoptosis and death. The proapoptotic peptide alone
cannot enter eukaryotic cells except at a very high
concentration (eg. 300 μM) (38). Thus, ether cell apoptosis
or cell death are signs for the cellular uptake of the
proapoptotic KLA peptide. As shown in Fig. 5, only the
KYL-KLA fusion peptide induced cell death in LNCaP

Fig. 9 Evaluation of PSMA as the potential target of the KYL peptide. (a) PSMA expression on DHT-treated LNCaPcells was tested by Western blot. (b)
DHT-treated LNCaP cells were incubated with the KYL-KLA fusion peptide or the KYL/KLA mixture. Cell viability was then determined by MTT method.
Results are represented as mean±SD (n=3). (c) The binding of KYL phage to LNCaP cells pre-incubated with 0, 1, 5 μg/mL PSMA antibody were
assayed by cells phage ELISA. Results are represented as mean±SD (n=3). (*p<0.05, **p<0.01).
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cells, but not the mixture of the KYL and KLA peptides,
indicating that the KYL peptide mediates the cellular
uptake of the proapototic KLA sequence in the fusion
peptide. This result also excludes the possibility that the
KYL peptide may just attach to the cell surface instead of
internalizing into the cells. Moreover, apoptotic effect of the
fusion peptide was not observed in PC-3 cells, suggesting the
specificity of the KYL peptide to LNCaP cells.

RNA interference (RNAi) is a very promising approach
for cancer therapy because it can potently silence a specific
gene by siRNA of 21–23 nt in length (39,40). However, its
therapeutic application is halted due to the lack of efficient
delivery. Antibody-protamine fusion protein has been
reported to deliver siRNA to cancer cells (32). In this
study, we explored the possibility of using the KYL peptide
as a ligand to increase the delivery of siRNA to LNCaP
cells. The KYL peptide was conjugated to protamine which
is used to condense siRNA. Our results demonstrated that
the KYL peptide efficiently increases the uptake of a
fluorescein-labeled siRNA in LNCaP cells (Fig. 8).

We initially speculated that PSMA could be the target
for the KYL peptide because PSMA is highly expressed
on LNCaP cells, and we used PSMA-negative PC-3 cells
to preclean the non-specific-binding phages before the
biopanning. However, our competition data did not
support this speculation (Fig. 9). Either down-regulating
(Fig. 9b) or blocking (Fig. 9c) PSMA only slightly
decreased the binding affinity of the KYL peptide to
LNCaP cells. Although statistical analysis revealed that
this difference is significant (p<0.05), we still cautiously
concluded that PSMA may not be the receptor for this
KYL peptide. Nonetheless, we are planning to continue
this work by using the proteomic approach to identify the
receptor that accounts for the specific interaction with the
KYL peptide.

In conclusion, we have successfully identified an LNCaP-
specific peptide ligand (KYL peptide) using whole-cell
biopanning. This peptide specifically delivers a proapop-
totic peptide into LNCaP cells and triggers cell death. In
addition, the KYL peptide is able to enhance the cellular
uptake of siRNA in LNCaP cells. All these data suggest that
the KYL peptide can be a promising ligand for targeted
delivery of various therapeutic agents to prostate cancer
LNCaP cells.
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