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Patients with prostate cancer (PCa) will eventually progress to castrate-resistant prostate cancer (CRPC) after an-
drogen deprivation therapy (ADT) treatment. Prostate-specific antigen (PSA)~/'° cells which harbor self-renewing
long-term tumor-propagating cells that can be enriched using ALDH+CD44+a2#1+ and can initiate tumor de-
velopment may represent a critical source of CRPC cells. Our purpose was to find a peptide that specifically
targets PSA~/1° PCa cells to retard the development of CRPC. PSA* and PSA~/!° cells were successfully sepa-
rated from LNCaP xenograft tumors after prostate- PSAP-GFP vector infection and FACS. A variety of PSA~/°
cells specifically targeting peptide (named as “TAP1” targeted affinity peptide 1) was identified by using phage
display library screening. The highest binding rate in TAP1 binding cell subpopulations are identified to be
among ALDH*CD44+CXCR4*CD24" cells. TAP1 significantly inhibited PCa growth both in vitro and in vivo.
TAP1 significantly improved the anti-proliferation effect of the anti-androgens (Charcoal dextran-stripped serum
(CDSS)+Bicalutamide, Enzalutamide) and chemotherapeutic agents (Abiraterone, Docetaxel, Etoposide) in vitro.
TAP1 treatment shortens the length of telomeres in ALDH*CD44+CXCR4*CD24" cells and significantly reduces
the expression of Homeobox B9 (HOXB9) and TGF-#2. In conclusion, PSA~/° PCa cell-specific targeting peptide
(TAP1) that suppressed PCa cell growth both in vitro and in vivo and improved the drug sensitivities of anti-
androgens and chemotherapeutic agents at least through shortening the length of telomere and reducing the
expression of HOXB9 and TGF-f2. Therapeutic peptides that specifically target prostate cancer stem cell might
be a very valuable and promising approach to overcome chemoresistance and prevent recurrence in patients with
PCa.

Introduction

Prostate cancer (PCa) is the second most frequently diagnosed cancer
after lung cancer in men worldwide in 2018 [1]. Race, age, and a pos-
itive family history of PCa are the three confirmed risk factors for PCa
[2]. A high incidence of PCa was shown in western countries. Oceania,
followed by Northern America, Western Europe, Northern Europe, and
the Caribbean have among the highest PCa incidence rates in the world

[3]. The incidence of PCa in Asia is rising but is still significantly lower
than that in western countries [4]. PCa incidence strongly increases with
age. PCa risk begins to rise sharply after age 55 years and peaks at age
70-74, declining slightly thereafter [5]. Recent study showed that PCa
incidence has increased in both older adolescents and young adult men.
This may be caused by trends in obesity, physical inactivity, HPV infec-
tion, substance exposure, and environmental carcinogens [6]. A study
that examined the current trends of metastatic PCa from 2004 to 2014
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and forecast the annual burden and incidence rates by age and race for
2015-2025 showed that the annual burden is expected to increase by
42% by 2025, with 10,615 cases expected in 2015 and 15,097 in 2025
in the US[7]. There is an urgent need for determining the effective treat-
ment options for PCa.

PCa is androgen dependent. Standard treatments for PCa include sur-
gical removal, radiation, and hormone therapy, and in recent years, im-
munotherapy as an alternative method has gained increasing interest
[8]. Androgen deprivation therapy (ADT), using surgical or chemical
castration that block the synthesis of testosterone or block the andro-
gen receptor, is a standard treatment used in all stages of recurrent
PCa [9,10]. Management of metastatic hormone-sensitive prostate can-
cer (mHSPC) changed dramatically in the past several years. Data sup-
ported a survival benefit with the addition of four different agents (do-
cetaxel, abiraterone acetate, enzalutamide, and apalutamide) to andro-
gen deprivation among men with mHSPC [11]. Both chemotherapy and
androgen-receptor signaling inhibitors (ARSi) demonstrated a signifi-
cant survival benefit when combined with ADT compared to ADT alone
for patients with mHSPC [12]. Nearly all patients eventually progress
to castrate-resistant prostate cancer (CRPC) after about 18 months of
ADT [13]. The mechanism of CRPC remains obscure. Chromosomal re-
arrangements and copy number gains/losses and gene alteration in the
androgen axis and the kinase-dependent signal pathways are thought to
be important mechanisms of CRPC genesis and development [14,15].
Accumulated evidences have indicated that tumor immunity, DNA re-
pairing disorder, and other mechanisms might also participate in the
progress of CRPC [16]. Prostate cancer stem cells (PCSC) are a small pop-
ulation of cells in PCa that display unlimited self-renewal potential and
tumor-initiating capacities [17-19]. Studies showed that ADT resulted
in a time-dependent increase in PCSC population numbers [20] that
and PCSC is linked with high-risk disease, development of metastasis,
biochemical failure, and poorer progression free survival [21]. PCSC
can survive from chemotherapy or radiotherapy and are suggested to
be responsible for the development of CRPC [22,23]. The expression
of prostate-specific antigen (PSA), as a differentiation marker, in PCa
positively correlates with its overall degree of differentiation [24,25].
PCa contains both differentiated (PSA™) and undifferentiated (PSA~/1)
tumor cells. It has been reported that PSA=/1° cells preferentially ex-
press stem cell genes, can initiate robust tumor development, possess
long-term tumor-propagating capacity, and harbor highly tumorigenic
castration-resistant PCa cells that can be prospectively enriched using
the ALDH*CD44%a2p1* phenotype [26]. Conversely, PSA*PCa cells
possess a higher limited tumor-propagating capacity, undergo symmet-
ric division, and are sensitive to castration. Thus, PSA~/1° cells may
represent a critical source of CRPC cells. Novel therapeutic strategies
targeting PSA~/1° cells may overcome and prevent PCa recurrence.

Therapeutic peptide is a promising and novel approach to treat many
diseases, including cancer. It has several unique advantages over pro-
teins or antibodies, such as ease of synthesis, high target specificity and
selectivity, and low toxicity in normal tissues[27]. Phage display is a
powerful technology for screening and isolating target specific peptides
[28]. In this study, using phage display library (PDL) screening, we iden-
tified a PSA~/1° PCa cell-specific targeting peptide that can suppress PCa
cell growth both in vitro and in vivo. Targeting PSA~/%° PCa cells with
peptide might represent a novel therapeutic strategy for PCa treatment.

Materials and methods
Cell culture

Human prostate cancer cell line LNCaP was purchased from Ameri-
can Type Culture Collection (ATCC) (Manassas, VA, US). Cells were cul-
tured in RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO, US) with
8% fetal bovine serum (FBS) (Sigma). Cells were maintained in a 37 °C
humidified incubator with 5% CO,.
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Reagents and chemotherapeutic agents

Dimethyl Sulfoxide (DMSO), hydrogen peroxide solution (H,0,), bi-
calutamide, abiraterone, docetaxel, and etoposide were obtained from
Sigma. Charcoal dextran-stripped serum (CDSS) was obtained from
Gemini (West Sacramento, CA, US). Enzalutamide was obtained from
Selleck Chemicals (Houston, TX, US).

Animals

NOD-SCID mice (six weeks old, male) were purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd (Shanghai, China). The handling
of the mice and all experimental procedures were carried out in strict
accordance with Fudan University Guidelines for the Care and Use of
Laboratory Animals. All animal studies were approved by the Ethics
Committee of Fudan University Pudong Medical Center.

Separate PSA~/° and PSA* cells from Incap xenograft tumor

A measure of 1 x 109 LNCaP cells in 50 4L medium was mixed with
50 uL Matrigel (BD biosciences, San Jose, CA, US) and was injected
into the subcutaneous area of NOD-SCID mice limbs. Mice were checked
daily. When LNCaP xenograft tumors volume reached 1.5 cm?, tumors
were harvested, minced into 1 mm3 pieces, and then digested with Ac-
cumax (Sigma) for 30 min at 37 °C. Digests were poured through a 70 ym
cell strainer (Corning, NY, US). Cells were maintained in RPMI-1640
medium with 8% FBS. To separate PSA~/1 and PSA* cells, as previously
described[26], briefly, cells were infected with PSA promoter (PSAP)-
GFP vector (which drives eGFP expression) for 72 h. Next, fluorescence-
activated cell sorting (FACS) was performed to purify the top 10% GFP-
bright (GFP*) and bottom 2%-6% GFP-negative/GFP-dim (GFP~/ loy
cells. Through this separating, most purified GFP*cells were PSA* cells
and GFP~ cells were PSA~/1° cells.

Phage display library screening

CX8C phage display peptide library was constructed using the
fUSES5 vector which displays 1x10° CX8C (8 amino acid peptides
in random sequences between 2 cysteine residues) unique peptide se-
quences. GFP* (PSA*) and GFP~ (PSA~/ 10y cells were mixed in equal
proportions and incubated with CX8C phage display library. A measure
of 1x10° of the phage display peptide library in 5ml of 1x phosphate
buffered saline (PBS) was added to the confluent cell monolayer and
incubated for 2 h on a rocker platform at 4 °C. The cells were washed
four times with PBS containing 0.2% Tween 20. Cells were subjected
to fluorescence-activated cell sorting (FACS) for GFP* and GFP~ cells.
Sorted cells were lysed to release phage particles that were used to
infect K91 bacteria. Individual bacterial colonies that emerged on the
Tet/Kanamycin plates were isolated, amplified, and phage particles re-
isolated and used in 2-3 more similar cycles. Peptides that specifically
bind to GFP+ (PSA™) cells and GFP~ (PSA~/1°) cells were identified and
sequenced.

Synthetic peptides

Peptide TAP1 (TEWDYLTV), control peptide (TDEWLTYV), and bi-
otinylated peptide TAP1 (TEWDYLTV) and biotinylated control peptide
(TDEWLTYV) were synthesized and purified by Chinese peptide com-
pany (Hang Zhou, China). All peptides were dissolved and diluted in
1xPBS.

Fluorescence-Activated cell sorting (FACS)
Cells from LNCaP xenograft tumors were incubated with a FcR block-

ing agent (Miltenyi Biotec, San Diego, CA, US) for 15min at 4°C and
were then stained with CXCR4 antibody (BD, Biosciences, San Jose,
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CA, US) for 30min on ice, followed by staining with APC-conjugated
goat anti-mouse IgG (BD Biosciences) for 15min on ice. Cells were
then washed thrice and stained with PE conjugated anti-CD44 antibody
(BD Bioscience) and PE-cy7 conjugated anti-CD24 (BD Biosciences) for
20 min. After washing with PBS, cells were incubated in a solution con-
taining 1% bovine serum albumin (BSA) (Sigma-Aldrich) and 2.5 ug/ml
insulin (Sigma-Aldrich). Then, the cells were suspended in an ALDE-
FLUOR assay buffer containing ALDH substrate (STEMCELL Technolo-
gies China Co., Ltd., Shanghai, China). After incubating at 37 °C for
40 min, cells were sorted by fluorescence-activated cell sorting (FACS).

Staining of biotinylated peptides

PSA*and PSA~1° cells were seeded in a 6-well plate. The next day,
cells were incubated with biotinylated peptide TAP1 (5 uM) or biotiny-
lated control peptide (TDEWLTYV) (5 uM) for 72h. Then cells were
washed with 1 xPBS twice and fixed with methanol for 10 min and
blocked with 5% FBS (in 1 x PBS) for 30 min. Cells were washed with
1 xPBS and stained with streptavidin-Alexafluor 594 (green) (Invitro-
gen, Carlsbad, CA, US). Cells nuclei were stained with Propidium Iodide
(PI) (red).

TAP1 binding positivity calculating

Cell subpopulations (PSA* and PSA~/" cells, CD44* and
CD44~ cells, ALDH'*CD44%a2p1" and ALDH CD44-a2p1~ cells,
ALDH*CD44*CXCR4*CD24% and ALDH~CD44-CXCR4-CD24~ cells)
were seeded in a 6-well plate. The next day, cells were incubated
with biotinylated peptide TAP1 (5 uM) or biotinylated control peptide
(TDEWLTYV) (5 uM) for 72 h. Then cells were stained with streptavidin-
Alexafluor 594 (green) (Invitrogen, Carlsbad, CA, US). Cells nuclei
were stained with Propidium Iodide (PI) (red). The percentage of
biotinylated TAP1 or biotinylated control peptide binding positivity
was quantified at 10 randomly selected fields under an inverted light
microscope (Olympus, Tokyo, Japan).

Cell proliferation assay

Proliferation assays were conducted using WST-1 assay (Beyotime,
Shanghai, China). ALDH*CD44+CXCR4*CD24" cells were isolated and
purified from LNCaP xenograft tumor and seeded in 96-well plates and
treated with peptide TAP1 or control peptide at 1, 2, 5, 10, 20, and
40 yM for 72h. ALDH*CD44+CXCR4+CD24™ cells were incubated with
peptide TAP1 (20 xM) or control peptide (20 uM) for 24, 48, and 72 h.
ALDH*CD441tCXCR4+CD24% cells and ALDH~CD44~CXCR4~CD24~
cells were incubated with anti-androgens or chemotherapeutic agents
at an indicated concentration and with peptide TAP1 (5 uM) or control
peptide (5 uM) for 72 h. Culture medium was removed, and 100 yl fresh
medium containing 10 ul of WST-1 reagents was added into the wells.
After 1-2 h, the absorbance was measured at 450 nm using an ELISA
Microplate Reader (Biocompare, San Francisco, CA).

Transwell assay

Cell migration and invasion abilities were evaluated by the transwell
assay with Corning BioCoat Matrigel Invasion Chamber (Tewksbury,
MA, US). According to the manufacturer’s instructions, 500 uL cells sus-
pensions (2.5 x 104 cells) were loaded to the 24-well chambers and then
incubated for 22h in a 37 °C humidified incubator with 5% CO,. After
incubation, the non-invading cells were removed from the upper surface
of the membrane by scrubbing. The invading cells on the lower surface
of the membrane were fixed and stained using crystal violet. The stained
cells were counted in 10 randomly selected fields under an inverted light
microscope (Olympus, Tokyo, Japan).
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ALDH*CD44*"CXCR41CD24* xenograft model and treatment of TAP1 by
intratumoral injection

ALDH*CD44*CXCR47CD24+ cells were isolated and pu-
rified from LNCaP xenograft tumors. A measure of 1x10°
ALDH*CD44*CXCR4tCD24* cells was injected subcutaneously into
the NOD-SCID mice (n=12). After 7 days of tumor cell implantation,
mice were randomly divided into two groups (n=6 per group) and
treated with 10 uL (20 uM) peptide TAP1 or 10 uL (20 M) control
peptide every other day by intratumoral injection. Tumor volume was
measured every week. Tumor diameters are measured with digital
calipers, and the tumor volume in mm? is calculated by the formula:
Volume = (width)[2] x length/2. At 28 days of tumor cell implantation,
tumors were harvested and weighed.

ALDH~CD44~CXCR4~CD24~ xenograft model and western blot analysis

A measure of 1x10° ALDH~CD44~CXCR4-CD24~ cells were in-
jected subcutaneously into the NOD-SCID mice. Five weeks after tu-
mor cell implantation, mice were castrated and received Bicalutamide
(150 mg/kg body weight/day) by subcutaneous injection. After 2 weeks
of castration and Bicalutamide treatment, tumors received 10 uL (5 uM)
biotinylated peptide TAP1 by intratumoral injection. Forty-eight hours
after intratumoral injection, tumors were excised and we performed
fluorescein-5-isothiocyanate (FITC) staining to identify TAP1 binding.

Using laser capture microdissection (LCM) to obtain biotinylated
TAP1 targeted tumor tissue (Zonel) and non-biotinylated TAP1 targeted
tumor tissue (Zone2). Total protein was extracted using a protein extrac-
tion kit (Beyotime, Shanghai, China). Protein concentration was mea-
sured using the BCA Protein Assay Kit (Beyotime, Shanghai, China). Pro-
tein fractions were separated on sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) gel electrophoresis (Bio-Rad, Hercules, CA, US) and trans-
ferred to a nitrocellulose membrane (Bio-Rad). After blocking in 5%
skimmed milk in PBS for 1 h at room temperature, the membranes were
incubated overnight at 4 °C with primary antibodies. Primary antibodies
against PSA, PSMA, ALDH, CD44, CXCR4, CD24, HOXB9, TGF-$1, TGF-
p2, and GAPDH were obtained from Cell Signaling Technology (Beverly,
MA, US). Secondary antibodies IRDye800CW Goat anti-Mouse IgG and
IRDye800CW Goat anti-Rabbit IgG were obtained from LI-COR (LI-COR
Biotechnology, Lincoln, NE, US). Western bolt images were detecting
using a Li-COR Odyssey 9120 Imaging System (LI-COR Biotechnology).

Flow-fluorescence in situ hybridization (flow-FISH)

Flow-FISH was conducted to measure the telomere lengths of the
cells. Flow cytometer calibration, cell fixation, staining protocol, and
normalization were conducted using mouse lymphoma cells with known
telomere lengths. A measure of 5x10° ALDH*CD44*CXCR4+CD24*
cells, ALDH-CD44~CXCR4~CD24" cells, or mouse lymphoma cells were
washed in hybridization buffer and resuspended in hybridization solu-
tion containing formamide and 0.3 xg/ml FITC-conjugated pentose nu-
cleic acid (PNA) probe. Control samples were incubated in hybridization
solution without a PNA probe. Lymphoma cells were distinguished from
cell derivatives by immunostaining with CD45 antibody (Sigma). The
DNA content was quantified using propidium iodide staining. Cells were
gated at GO/G1 based on DNA content, and the telomere fluorescence
intensity was calculated. Detections were conducted on an FACSCanto
flow cytometer (Becton Dickinson; Franklin Lakes, NJ, US).

Statistical analysis

Data represent the mean + SD. Statistical analysis was performed
using GraphPad Prism (version 5.0, GraphPad Software, La Jolla, CA).
One-way analysis of variance along with Bonferroni adjustment and stu-
dent’s t-test were used to evaluate the differences between groups. A p
value < 0.05 was considered statistically significant.
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Fig. 1. Identification of a peptide that specifically binds with PSA~" PCa cells. (A) Cells from LNCaP xenograft tumors were infected with PSAP-GFP lentiviral reporter
for 72 h. Perform FACS to purify the top 10% GFP-bright (GFP*) and bottom 2%—6% GFP~' lo cells. Representative images of GFP*+ (PSA*) and GFP~ (PSA~ 1oy cells.
Scale bars 25 ym. (B) Schematic diagram of phage display library screening. (C) Purified PSA~/1° and PSA* cells were incubated with biotinylated peptide TAP1 (5 M)
or biotinylated control peptide (5 uM) for 72 h. Biotinylated peptide TAP1 was stained with streptavidin-Alexafluor 594 (green) and cells nuclei were stained with
Propidium Iodide (PI) (red).Scale bars 10 ym. (D) Cell subpopulations (PSA* and PSA~"%° cells, CD44+ and CD44~ cells, ALDH*CD44* 2241+ and ALDH-CD44~a21~
cells, ALDH*CD44+CXCR4*CD24"* and ALDH~CD44~CXCR4~CD24" cells) were incubated with biotinylated peptide TAP1 (5 uM) or biotinylated control peptide
(5 uM) for 72 h. Biotinylated peptide TAP1 was stained with streptavidin-Alexafluor 594 (green) and cells nuclei were stained with Propidium Iodide (PI) (red). The
percentage of peptide binding positivity was quantified in 10 randomly selected fields under an inverted light microscope. Data are presented as the mean + SD.

*p < 0.05. Experiments were performed in triplicate.

Results
Identification of a peptide that specifically binds with PSA~/"° PCa cells

It has been reported that PSA~/1° cells may represent a critical cell
source of CRPC[26]. Our goal was to find a therapeutic peptide that
specifically targets PSA=/1° PCa cells. To separate PSA* and PSA~/l°
PCa cells, LNCaP xenograft tumors were established and then xenograft
tumors were harvested, minced, and digested and infected with PSAP-
GFP lentiviral reporter (which drives eGFP expression) for 72 h. Perform
FACS to purify out the top 10% GFP-bright (GFP*) and bottom 2%—6%
GFP~/!° cells (supplementary Figure S1). As shown in Fig. 1A, we suc-
cessfully separated PSA* and PSA~/1° PCa cells from a LNCaP xenograft
tumor. Most GFP*cells were PSA* cells, and GFP~ cells were PSA~/1°
cells. Next, PSA+and PSA~/1° cells were mixed in equal proportions and
incubated with CX8C phage display library. Through the phage display
assay (schematic in Fig. 1B), after 4 rounds, we sequenced 272 and 257
specific peptides that bound with PSA* and PSA=/™° cell clones, respec-
tively. The majority of (about 72%) the sequences were shared between
PSA* and PSA~/'° clones. Clones specific to PSA=/1° cells were identi-
fied, among them the most abundant was a peptide with a sequence of
TEWDYLTV, which we named as “targeted affinity peptide 1 (TAP1)”.

To further confirm that TAP1 specifically binds with PSA=/ cells,
purified PSA=/1° and PSA*cells were incubated with biotinylated TAP1
(5uM) or biotinylated control peptide (5uM) for 72h followed by
streptavidin-Alexafluor 594, as shown in Fig. 1C, biotinylated TAP1
specifically binds to PSA~/1° cells, no TAP1 binding was observed in
PSA* cells. Biotinylated control peptide did not bind to PSA*or PSA~/1°
cells. A study showed that PSA~/1° cells harbor self-renewing cancer
stem cells that can be prospectively enriched using ALDHtCD44* @241
phenotype [26]. Aldehyde dehydrogenase (ALDH) [29], CD44 [30],
a2p1 [31], CXCR4 [32], and CD24 [33] are well established can-
cer stem cell markers. To determine the binding affinity of TAP1 in
PSA~/1° cells and PCSC, cells were incubated with biotinylated pep-
tide TAP1 (5 M) or biotinylated control peptide (5uM) for 72h fol-
lowed with streptavidin-Alexafluor 594. The percentage of biotinylated
TAP1 and biotinylated control peptide binding positivity was calcu-
lated. As shown in Fig. 1D, biotinylated TAP1 showed highest affinity
and specificity in ALDH*CD44+CXCR4*CD24* cells (almost 90% pos-
itivity). Moreover, biotinylated control peptide (TDEWLTYV) did not
significantly bind to either PSA* or PSA~/!° cells (Fig. 1D). Taken to-
gether, these findings indicated that peptide TAP1 specifically binds
with PSA~/1° cells in vitro. ALDH*CD44+CXCR4+CD24+ cell subpopula-
tion has the highest TAP1 binding affinity. Our preliminary data showed
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Fig. 2. TAP1 inhibits PCa growth in vitro. (A) ALDH*CD44*CXCR4*CD24" cells were incubated with TAP1 or control peptide at 1, 2, 5, 10, 20, and 40 uM for
72h. Cell viability was measured by WST-1. (B) ALDH*CD44+CXCR4*CD24" cells were incubated with TAP1 or control peptide at 20 M for 24, 48, and 72h. Cell
viability was measured by WST-1. (C) Transwell migration assay of ALDH*CD44*CXCR4*CD24" cells incubated with TAP1 or control peptide at 20 uM. Left panel:
representative images (scale bars =50 yM). Right panel: quantification. Data are presented as the mean + SD. *p < 0.05. All experiments were performed in triplicate.

that ALDH*CD44"CXCR4*"CD24+ cells are the most resistant cells to
CRPC among these cell subpopulations. In the following experiments,
we used ALDH*CD44"CXCR4tCD24™" cells.

TAP1 inhibits PCa cell growth and invasion in vitro

To investigate the role of TAP1 in ALDH*CD44*CXCR4*CD24+
cells progression, ALDH*CD44"CXCR4+tCD24" were incubated with
TAP1 or control peptide at various concentrations for 72h. Cell pro-
liferation was evaluated by WST-1. As shown in Fig. 2A, TAP1 did
not affect cell viability at 5uM; however, TAP1 significantly de-
creased cell viability starting at 10 uM and caused a dose-dependent
decrease in cell viability over a 72h incubation period compared
with control peptide. ALDH*CD44*CXCR4"CD24" cells were incu-
bated with TAP1 (20 uM) or control peptide (20uM) for 24, 48,
and 72h. As shown in Fig. 2B, TAP1 significantly inhibited PCa cell
growth with increasing time compared with control peptide. Control
peptide has no effect on the cell viability. The effect of TAP1 on
ALDH*CD44*CXCR47CD24 cell migration and invasion capacity was
analyzed using transwell assay. As shown in Fig. 2C, TAP1 significantly
inhibited ALDH*CD44+tCXCR4+CD24 cell migration and invasion com-
pared with the control peptide. These findings indicated that TAP1 sig-
nificantly inhibited ALDH*CD44+CXCR4*CD24" cell proliferation, mi-
gration, and invasion in vitro.

TAP1 inhibits PCa growth in vivo

To examine whether TAP1 inhibits tumor growth in vivo, 1x10°
ALDH*CD44*CXCR4"CD24* cells were injected subcutaneously into

the NOD-SCID mice. After 7 days of tumor cell implantation, mice were
treated with 10 uL (20 uM) TAP1 or 10 uL (20 M) control peptide ev-
ery other day by intratumoral injection. As shown in Fig. 3A and 3B,
TAP1 treatment significantly decreased tumor volume and tumor weight
compared with the control peptide. These results suggested that TAP1
inhibited PCa growth in vivo.

TAP1 enhances the anti-proliferation effect of anti-androgens and
chemotherapeutic agents in vitro

We tested whether TAP1 affects the drug sensitivities
of anti-androgens and chemotherapeutic agents in vitro.
ALDH*CD44*CXCR47CD24* and ALDH~CD44~CXCR4-CD24~ cells
were incubated with 5uM TAP1 (at this concentration, TAP1 did
not affect cell viability) or 5uM control peptide with anti-androgens
(CDSS+ Bicalutamide, Enzalutamide), chemotherapeutic agents (Abi-
raterone, Docetaxel, Etoposide), and H,O, therapy at indicated
concentration for 72 h. Cell viability was assessed by WST-1. As shown
in Fig. 4, when anti-androgens or chemotherapeutic agents were
co-treated with 5uM TAP1, the anti-proliferation of anti-androgens
and chemotherapeutic agents in ALDH*CD44+CXCR4+CD24" cells, but
not in ALDH~CD44~CXCR4-CD24~ cells, was significantly improved
compared to control peptide co-treatment. In addition, our result
showed that ALDH*CD44*CXCR4tCD24" cells were resistant to H,0,
and that TAP1 improved the sensitivity of ALDH*CD44+CXCR4*CD24*
cells to HyO,. These findings indicated that TAP1 specifically enhanced
the anti-proliferation efficacy of anti-androgens, chemotherapeutic
agents, and H,0, in ALDH*CD44*"CXCR4*CD24* cells. Our findings
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suggested that TAP1 is not only a single therapeutic peptide but might
be considered as a good, combined administration for PCa therapy.

TAP1 specifically binds with PSA~/"° cells in vivo

To investigate the targeting cells of TAP1l in vivo,
ALDH CD44-CXCR4-CD24~ cells were injected subcutaneously
into the NOD-SCID mice. Five weeks after tumor cell implantation,
mice were castrated and received Bicalutamide (an antiandrogen
medication that is used to treat PCa) (150 mg/kg body weight/day) by
subcutaneous injection. It has been reported that ADT resulted in a time
dependent increase in PCSC population numbers [20]. After 2 weeks of
castration and Bicalutamide treatment, tumors received 10 uL (5 uM)
biotinylated peptide TAP1 by intratumoral injection. Forty-eight hours
after intratumoral injection, tumors were harvested. The in vivo binding
of biotinylated-TAP1 was demonstrated by fluorescence staining of tu-
mor tissue. As shown in Fig. 5A, the Zonel area showed strong binding
to the biotinylated-TAP1, whereas there was no apparent accumulation
in Zone2. Using laser capture microdissection, we obtained Zonel
and Zone2 tumor tissue. Prostate-specific membrane antigen (PSMA)
is a receptor on the surface of PCa cells which is expressed at low
levels in normal human prostate epithelium and is highly expressed
in PCa [34]. Western blot analysis of protein lysates from Zonel and
Zone2 showed that the expressions of PAS and PMSA in Zonel are
significantly lower than Zone2 area (Fig. 5B). The expressions of cancer
stem cell markers, ALDH, CD44, CXCR4, and CD44 were significantly
higher in Zonel compared with Zone2 area. The protein levels in
ALDH*CD44*CXCR47CD24* and ALDH~CD44~CXCR4-CD24~ cells
were used as positive and negative controls, respectively. These find-
ings indicated that ALDH*CD44*CXCR4tCD24% cells were generated

in ALDH~CD44-CXCR4-CD24~ xenograft tumors and that TAP1
specifically binds with ALDH*CD44*CXCR4*CD24 cells in vivo.

TAP1 shortens the length of telomere and targets HOXB9 and TGF-$2

Cancer stem cells (CSCs) have the capacity to self-renew, differen-
tiate, and give rise to entire new tumors [35]. Telomeres are protec-
tive structures of chromosome ends, are essential for the maintenance
of chromosomal integrity, and are gradually shortened by each cell di-
vision [36]. Functional telomeres are essential for the developmental
pluripotency of embryonic stem cells (ESCs), induced pluripotent stem
cells (iPSCs), and CSCs [37,38]. ESCs with long telomeres exhibit au-
thentic developmental pluripotency, whereas, short telomeres decrease
the proliferative rate or capacity of ESCs and disrupt germ cell differenti-
ation [37]. iPSCs with longer telomeres generate chimeras with higher
efficiency than those with short telomeres[37]. We examined the ef-
fect of TAP1 on the length of telomere through flow-FISH. As shown in
Fig. 6A, TAP1 treatment significantly decreased the lengths of telomeres
in ALDH*CD44*tCXCR4+CD24" cells compared with control peptide.
There was no significant effect of TAP1 on the lengths of telomeres in
ALDH~CD44~-CXCR4~CD24~ cells. These finding suggested that TAP1
led to telomere shortening which may cause the loss of pluripotency in
ALDH*CD44*CXCR4"CD24" cells and inhibit cell proliferation.

Homeobox B9 (HOXB9) is a member of the homeobox family of tran-
scription factors. Silencing of HOXB9 suppresses PCa cell proliferation
and invasion in vitro [39]. HOXB9 activates transforming growth factors
beta (TGF-p) pathway and promotes tumorigenicity and lung metasta-
sis in breast cancer [40]. TGF-f subfamily contains five members named
TGF-p1 through g5. TGF-$1, -2, and -#3 have been identified in mam-
mals [41]. TGF-p cytokines regulate multiple cellular functions, and
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Fig. 5. TAPI specifically binds with PSA~° cells in vivo. (A) 1x10° ALDH-CD44~CXCR4~CD24- cells were injected subcutaneously into the NOD-SCID mice. Five
weeks after tumor cell implantation, mice were castrated and received Bicalutamide (150 mg/kg body weight/day) by subcutaneous injection. After 2 weeks of
castration and Bicalutamide treatment, tumors received 10 uL (5 uM) biotinylated peptide TAP1 by intratumoral injection. Forty-eight hours after intratumoral
injection, tumors were excised and we performed fluorescein-5-isothiocyanate (FITC) staining. Zonel represented biotinylated peptide TAP1 targeted tumor tissue
and Zone2 represented no biotinylated peptide targeted tumor tissue (Lower and left panel). FITC and DAPI staining were shown in the lower and right panel. Scale
bars 20 ym. (B) Using laser capture microdissection (LCM) to obtain Zonel and Zone2 tumor tissue. Western blot analysis of protein expression in Zonel and Zone2.
Protein levels in ALDH*CD44*CXCR4+CD24* and ALDH~CD44~CXCR4~CD24" cells are as positive and negative control, respectively. GAPDH is used as a loading
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Fig. 6. TAP1 shortens the length of telomere and targets HOXB9 and TGF-p2. (A) ALDH*CD44*CXCR4*CD24" and ALDH™CD44~CXCR4~CD24" cells were incu-
bated in TAP1 (20 uM) for 72h followed by flow-FISH analysis to determine telomere lengths. Representative images (left panel). Summary data (right panel). (B)
ALDH*CD44*CXCR4*CD24* were incubated with TAP1 (20 xM) or control peptide (20 M) for 72 h. Western blot analysis of the protein expression. GAPDH is used

as a loading control. Data are presented as the mean+SD. *p < 0.05.

depending on the cellular context, different TGF-gs exhibit significant
pleiotropic effects on cells [42]. A study showed that repression of TGF-
p signaling suppresses CRPS progression [43]. Our Western blotting as-
say showed that TAP1 treatment significantly decreased the expression
of HOXB9 and TGF-#2 but not TGF-#1 in ALDH*CD44+*CXCR4*CD24+
cells (Fig. 6B). Taken together, our finding demonstrated that TAP1 in-
hibits ALDH*CD44"CXCR4"CD24" cell growth at least through telom-
ere shortening and the inhibition of HOXB9 and TGF-$2.

Discussion
Despite robust progress in CRPC therapeutics development, CRPC

remains a lethal malignancy [44]. Although the cell origin of CRPC
remains controversial, several studies clearly indicate the presence of

PCSC in CRPC [45]. PCSC plays a major role in PCa initiation, progres-
sion, and metastasis and is considered to be a driving force of cancer
evolution and resistance to therapy [45]> [46]. Most therapeutic regi-
mens only target the proliferative tumor cells. Therefore, targeting PCSC
to decrease the expansion of CSCs population may lead to new strategies
to overcome chemoresistance. Therapeutic peptide has been of great in-
terest due to advantages such as a low molecular weight, the ability to
specifically target tumor cells, and low toxicity in normal tissues [47].
Peptide-based therapies have shown promising results in both in vitro
and in vivo studies. For example, a bi-functional peptide designed by
coupling the cancer recognition peptide to the toxic peptide showed tox-
icity to breast cancer, PCa, and neuroblastoma cell lines [48]. Han et al.
developed a small peptide specific to Extradomain-B fibronectin (EDB-
FN) for PCa targeting and imaging [49]. Wada et al. identified peptides
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that specifically target xenografted PCa cells and suppressed cell growth
[50]. In this study, by using phage display library screening, we identi-
fied a peptide TAP1 that specifically targets PSA~/1° PCa cells and inhib-
ited cell growth both in vitro and in vivo. In addition, we observed that
the anti-tumor effects of the anti-androgens, chemotherapeutic agents,
and H,0, in ALDH*CD44*CXCR4"CD24" cells were significantly im-
proved when the anti-androgens and chemotherapeutic agents were co-
treated with TAP1. Our finding indicated that this selective targeting
peptide may be a very promising agent which avoids adverse effects on
non-target cells and can be used either alone or in combination with
standard therapies.

Telomere length maintenance is critical for the unlimited self-
renewal and pluripotency of a stem cell. Pluripotent stem cells
need to preserve their telomere length and homeostasis to maintain
their self-renewal ability and pluripotency [51-53]. We found that
ALDH*CD44*CXCR4*tCD24* cells exhibited shorter-length telomeres
after TAP1 treatment. These findings indicated that TAP1 might pro-
hibit telomere elongation, disrupt telomere, inhibit the pluripotency of
PCSC, and eventually cause the retardation of cell proliferation and tu-
mor initiation. Studies suggest that CSC self-renewal promotes tumor
recurrence and differentiation therapy may constitute a strategy to sen-
sitize CSCs to chemotherapy. It is also possible that TAP1 increases sensi-
tivity of ALDH*CD44*tCXCR4+CD24" cells to chemotherapeutic agents
through inducing CSC differentiation. HOXB9 is highly expressed in
many types of cancers and promotes invasion and metastasis of PCa
[39]. TGF-p signaling has divergent roles in regulating tumor prolif-
eration. TGF-$1 in early-stage lesions suppresses cellular proliferation,
whereas it promotes tumor progression in late stages [54]. High level of
TGF-p1 was associated with poor prognosis in patients with PCa [55].
Targeting the TGF-#2-associated mechanism could provide novel oppor-
tunities to prevent lethal PCa metastasis [56]. Aberrant TGF-g signaling
can drive CRPC [57]. In this study, we observed that the expression
of HOXB9 and TGF-$2, but not TGF-$1, was significantly decreased in
ALDH*CD44*CXCR4*"CD24" cells after TAP1 treatment. This may be
due to the presence of HOX-binding sites in the promoter regions of
TGF-p2 but not in TGF-$140. Therefore, TAP1 reduced the expression of
TGF-p2 possibly through inhibiting HOXB9.

In summary, our findings indicated that TAP1 specifically targets
PSA~/19/ALDH*CD44*CXCR4tCD24" cells, inhibits PCa growth both
in vitro and in vivo, and enhances the anti-tumor effect of the anti-
androgens and chemotherapeutic agents in vitro. TAP1 suppressed PCa
cell growth and invasion and improved the drug sensitivities of anti-
androgens and chemotherapeutic agents maybe at least through telom-
eres shortening and decreased the expression of HOXB9 and TGF-p2.
Our findings provided a support for the strategy that therapeutic pep-
tides might be used either alone or combined with other standard thera-
pies for the treatment of PCa. Targeted therapies based on small peptides
may be a very valuable and promising approach to overcome therapeu-
tic resistance and achieve a significant therapeutic response to increase
the therapeutic efficacy.
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