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Abstract

Prostate cancer (PCa) remains the second leading cause of cancer-related deaths in U.S. men due
to the development of the castration-resistant (CR) PCa phenotype. A useful cell model for
analysis of the molecular mechanism of PCa progression is required for developing targeted
therapies toward CR PCa. In this study, we established a PCa cell progressive model in three
separate cell lines, of which androgen-independent (Al) cells were derived from respective
androgen-sensitive (AS) cells. Those Al PCa cells obtain the biochemical properties of the clinical
CR phenotype, including AR and PSA expression as well as enhanced proliferation and
tumorigenicity under androgen-deprived conditions. Thus, those Al cells recapitulate CR PCa and
exhibit increased oxidant species levels as well as enhanced signaling of proliferation and survival
pathways. H,O, treatment directly enhanced AS cell growth and migration, which was
counteracted by antioxidant N-acetyl cysteine (NAC). We further identified p66Shc protein
enhances the production of oxidant species which contributes to phenotypic and cell signaling
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alterations from AS to Al PCa cells. H,O,-treated LNCaP-AS cells had a similar signaling profile
to that of LNCaP-Al or p66Shc subclone cells. Conversely, the oxidant species-driven alterations
of LNCaP-Al and p66Shc subclone cell signaling is mitigated by p66Shc knockdown. Moreover,
LNCaP-Al cells and p66Shc subclones, but not LNCaP-AS cells, develop xenograft tumors with
metastatic nodules, correlating with p66Shc protein levels. Together, the data shows that p66Shc
enhances oxidant species production that plays a role in promoting PCa progression to the CR
stage.
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Introduction

Prostate cancer (PCa) is the most commonly diagnosed solid tumor and predicted to be the
second leading cause of cancer-related deaths in 2019 for U.S. men [1]. Localized PCa is
treated with surgery and radiation therapy, while the standard treatment for metastatic PCa is
androgen deprivation therapy (ADT). Androgen receptor (AR) activation is vital for PCa
survival and progression, therefore removal of its ligand, androgen, results in remission of
the tumor. Unfortunately, there is a high likelihood of relapse and development of castration-
resistant (CR) PCa, which is no longer responsive to ADT while AR remains functional.
Desensitization to ADT can arise from multiple mechanisms such as intracellular
biosynthesis of androgens, loss of AR fidelity, persistent activation of AR through mutation
and alternatively spliced forms, or alternate pathways utilized to stimulate cell growth [2,3].
Currently, the treatment option for patients with CR PCa is limited, and several FDA-
approved agents, such as docetaxel, can only extend the patient’s life by only a few months
[4]. Unfortunately, CR PCa patients will also quickly develop resistance to these drugs.
Therefore, we investigated the molecular mechanism of CR PCa progression to identify
novel target(s) for developing alternative therapies to treat this lethal disease.

Reactive oxygen species (ROS) play a vital role in mediating diverse cell signaling and
apoptosis. ROS molecules are natural byproducts of cellular respiration and contribute to
essential signaling pathways; local ROS production stimulated by external growth factors
and hormones is an important source of signal transduction through the oxidation and
reduction of proteins [5-9]. However, excess ROS, particularly free radicals, can also oxidize
a number of vital molecules including DNA, lipids and proteins to promote cancer
development [10-12]. Further, oxidant species such as H,O, also regulates signaling
pathways involved in diverse processes such as angiogenesis, cell adhesion, proliferation and
migration, all of which are critical to cancer progression [12-15]. Results of several studies
have shown that oxidation of protein tyrosine phosphatases via increased cellular oxidant
species levels can inhibit its enzymatic activity; thus, leaving kinase activity unregulated,
which results in promotion of cell proliferation and migration [9,16,17]. Cellular ROS has
been proposed to regulate the progression of many types of cancers, including PCa [18]. For
example, the protein levels of several NADPH oxidases (NOXSs) increase upon progression
to the CR phenotype in PCa tissues and cell lines [19-21]. Additionally, ROS has been
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shown to promote PCa proliferation, migration, invasion and metastasis [9,21], and
activation of AR can result in increased oxidant species due to augmented mitochondrial
activity [9, 21-24]. While there are many studies on the correlative influence of ROS on PCa
progression, the effects of ROS and its molecular mechanism by a specific oxidase/pro-
oxidant protein with clinical relevance on PCa progression remains under investigation.

In this study, we reported the establishment of a PCa cell progression model including AR-
positive LNCaP, MDA PCa2b and VVCaP PCa cell lines, and investigated the role of oxidant
species in androgen-sensitive (AS) and androgen-independent (Al) PCa tumorigenicity. In
this progressive cell model, Al PCa cells exhibit many biochemical properties of CR
phenotypes, including rapid proliferation and prostate-specific antigen (PSA) expression in
steroid-reduced (SR) conditions as well as increased tumorigenicity and oxidant species
levels. Interestingly, HoO» treatment of AS cells increased cell growth and migration, which
was counteracted by antioxidant N-acetyl-cysteine (NAC) treatment. Our studies revealed
that in Al PCa cells, there were elevated protein levels of p66Shc, higher than that in the
corresponding AS cells, as seen in clinical PCa archival specimens [9,25]. Elevated p66Shc
protein leads to increased oxidant species levels via mitochondrial superoxide production
and activation of NOX complexes via Racl, which enhances activation of survival, growth
and migration pathways [26,27]. Hence, our data clearly show the association between
p66Shc protein and oxidant species levels in enhancing PCa tumorigenicity and promoting
its progression. Importantly, LNCaP-Al cells and p66Shc subclones, but not LNCaP-AS
cells, exhibited the metastatic ability upon orthotopic implantation in athymic mice,
correlating with p66Shc protein levels. Together, our data show that elevated p66Shc protein
via oxidant species production enhances AS PCa progression under androgen-deprived
conditions and obtains the CR PCa phenotype, a lethal disease.

Materials and Methods

Materials

RPMI 1640 medium, DMEM medium, Keratinocyte SFM medium, gentamicin, and L-
glutamine were obtained from Invitrogen (Carlsbad, CA, USA). HPC1 medium was
purchased from Fischer Scientific (Pittsburgh, PA, USA). Fetal bovine serum (FBS) and
charcoal-treated FBS were purchased from Atlanta Biologicals (Lawrenceville, GA, USA).
Protein molecular weight standard markers, acrylamide, and Bradford protein assay kit were
purchased from Bio-Rad (Hercules, CA, USA). Anti-CDC25B (#D2810, 1:1000), anti-
cyclin B1 (#K1907, 1:1000), anti-cPSA (#E1812, 1:1000), anti-NFxB (#H052, 1:1000),
anti-phospho-ErbB-2 (Y122/2) (#B2212, 1:1000), anti-ErbB-2 (#E3110, 1:1000), and
horseradish peroxidase-conjugated anti-mouse (#C2011, 1:5000), anti-PAcP (#D0209,
1:1000), anti-PYK2 (#F061, 1:1000), anti-Racl (#G1905, 1:1000), anti-p42/p44 (#H1109,
1:1000), anti-Survivin (#C271, 1:1000), anti-PCNA (#G2G1, 1:1000), anti-Cyclin D1
(M-20, 1:1000), anti-rabbit (#D2910, 1:5000), anti-goat (#J0608, 1:5000) IgG antibodies
(Abs) were all acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-
phospho-AKT (Ser473) (#GA160, 1:1000), anti-AKT (#C1411, 1:2000), anti-AR (#5153S,
1:3000), anti-phospho-p42/p44 (#9101S, 1:1000), anti-FOXM1 (#5436S, 1:500), anti-
FOXO03a (#99199S, 1:500), anti-phospho-mTOR Ser2448 (#5536S, 1:1000), anti-mTOR
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(#2972S, 1:1000), anti-Caspase 3 (9662S, 1:2000), anti-PARP (9532S, 1:2000), and anti-
YAP1 (#4912, 1:1000) Abs were from Cell Signaling Technology (Beverly, MA, USA).
Anti-GTP-Racl (#G052YWF2, 1:1000) Ab was obtained from New East Biosciences
(Malvern, PA, USA). Anti-phospho-PYK2 Y402 (#CDR0O0114121, 1:1000) and anti-
Catalase (#AF3398, 1:2000) Abs were obtained from R&D Systems (Minneapolis, MN,
USA). Anti-Shc (#06-203, 1:5000) and anti-p-Shc (#07-209, 1:1000) Ab was obtained from
Upstate Biotech. Inc. (Lake Placid, NY, USA). Anti-Nrf2 (ab62352, 1:1000) and anti-
phosphoYAP1 (Ser127) (ab52771, 1:1000) were purchased from Abcam. Anti-p-Actin
(#99H4842, 1:10000) Ab, NAC, and H,0O, were purchased from Sigma (St. Louis, MO,
USA).

Human prostate cancer cell lines LNCaP, VCaP and MDA PCa2b were originally purchased
from the American Type Culture Collection (Rockville, MD, USA) and cultured according
to the accompanied protocols and our publications [28-32]. To mimic the conditions of
clinical ADT, cells were maintained in SR conditions, i.e. phenol red-free RPMI 1640
medium containing 5% charcoal-stripped FBS, 2 mM glutamine, 50 pug/ml gentamicin and 1
nM 5a-dihydrotestosterone (DHT), for 2 days prior to experiments.

Al LNCaP C-81 cells were established according to our previous publications [28,29,33].
LNCaP C-81 cells exhibit biochemical properties similar to CR PCa, including proliferation
and prostate-specific antigen (PSA) secretion in SR conditions, and importantly, obtaining
intracrine regulation by synthesizing endogenous testosterone from cholesterol with
activated AR [3]. Within this manuscript to be consistent with the other Al cells, LNCaP
C-81 cells are abbreviated as LNCaP-Al cells. Similarly, we established MDA PCa2b-Al
and VCaP-Al cells that obtained the Al phenotype, including AR expression and rapid cell
proliferation [30-32].

Cell Proliferation

To determine PCa cell growth, AS and Al LNCaP, MDA PCaz2b, and VVCaP cells were plated
at2 x 104, 1 x 10°, and 2 x 10° cells per well in 6-well plates, respectively, for three days.
Cells were then adjusted to SR medium for 48 hours, as indicated. Cells were harvested
every 72 hours for 9 days. The cell number was counted by a cell counter cellometer™ Auto
T4 (Nexcelom Bioscience, USA) using Trypan blue dye exclusion assay [9,32-35].

Transwell Cell Migration Assay

The Boyden chamber transwell assay was utilized to determine the migratory ability of AS
and Al PCa cells. AS and Al LNCaP, MDA PCa2b and VVCaP cells were plated in the upper
chamber of the 24-well insert at 5 x 104 cells per insert in regular medium. After 24 hours,
cells were stained with 0.2% crystal violet containing 50% methanol. Migrated cells in the
lower part of the chamber were counted at 40x magnification [30, 32-34].

Clonogenic Colony Formation Assay

For the clonogenic assay on a plastic surface, AS and Al LNCaP, MDA PCa2b and VVCaP
cells were plated in 6 well plates at 3,000, 10,000, and 10,000 cells per well, respectively, in
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regular medium with a change of fresh medium every 72 hours. On day 9, cells were washed
with HEPES-buffered saline and attached cells on the plastic surface were stained and fixed
with 0.2% crystal violet containing 50% methanol. The stained cells were then
photographed for counting [31,32,34,35].

General Oxidant Species Detection

Transfection

To analyze cellular levels of general oxidant species, cells were stained with 20 uM DCF-
DA in the dark for 30 minutes before being washed with PBS and analyzed via a Becton-
Dickinson fluorescence-activated cell sorter (FACSCalibur, Becton Dickinson, San Jose,
CA, USA) at the UNMC Flow Cytometry Core Facility [9,27,35,36,37]. Cells were also
stained with PO-1 (1 mM) and MitoSOX (5 uM) to detect H,O, and mitochondrial O,°~,
respectively. Briefly, cells were stained with the respective reagents for 1 hour and then fixed
with 4% paraformaldehyde for 10 minutes [35]. DAPI was used for nuclear staining. Cells
were visualized under a confocal microscope at 60x.

For transient transfection experiments, LNCaP cells and p66Shc cDNA-transfected
subclones were plated at a density of 1 x 104 cells per cm? and transfected using
Lipofectamine and Plus reagents. Stable subclones of LNCaP cells that overexpress p66Shc
via cDNA transfection were established as described previously [38]. For knock-down of
p66Shc expression, transient transfection of pSUP-p66 plasmid-based small interfering RNA
system targeted against the CH2 domain was used as described previously [27,38].

Phosphoprotein Microarray

Immunoblot

For the phosphoprotein microarray, aliquots of cell lysates from LNCaP-AS and LNCaP-Al
cells as well as an equal amount of mixed stable p66Shc cDNA-transfected subclones and
V1 vector alone-transfected control cells were sent to Kinexus Protein Profiling Services
(Vancouver, BC) where the company performed analysis via the KAM-900P microarray.
Results are reported shown as increased (red) or decreased (green) fold-change of
phosphoproteins in LNCaP-Al compared to LNCaP-AS cells or p66Shc subclones compared
to V1 vector-alone transfected cells [27].

Analysis

For immunoblot analyses, cells were washed with HEPES buffered saline, pH 7.0, harvested
by scraping, and lysed in ice-cold lysis buffer containing protease and phosphatase
inhibitors. Protein concentrations of the supernatant were determined using Bio-Rad
Bradford protein-assay. An aliquot of the total cell lysate was electrophoresed on SDS-
polyacrylamide gels (7.5%-12%). After transfer to a nitrocellulose membrane, the
membranes were blocked with 5% non-fat milk in Tris-buffered saline (TBS) containing
0.1% Tween-20 for 60 minutes at room temperature. Membranes were incubated with the
corresponding primary Ab at 4°C overnight. Membranes were rinsed with TBS and
incubated with the proper secondary Ab for 60 minutes at room temperature. Proteins were
detected using enhanced chemiluminescence (ECL) reagent kit. p-actin was used as a
loading control [27,32,34,35].
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Implantation of tumor cells

For the orthotopic implantation, athymic mice were anesthetized by continuous flow of 2.5%
isoflurane with oxygen using a mouse anesthesia machine. LNCaP-AS, LNCaP-Al, LNCaP-
Al-Luc, V1 or p66Shc subclone cells (50 pl containing 2.0 x 10° cells in 50% Matrigel)
were injected into the dorsal prostatic lobe using a 30-gauge needle. The peritoneal tissues
were closed in two layers with absorbable catgut sutures (563B, Surgical Specialties,
Tijuana, Mexico). Buprenorphine (0.1 mg/kg, Reckitt Benckiser Healthcare (UK) Ltd., Hull,
England) was administrated by intraperitoneal route immediately after the surgery followed
by three doses at six, twenty-four and forty-eight hours after surgery. Sterile surgical
procedures were maintained for the entire process [38]. For subcutaneous tumor
implantation, 1x 108 cells (200 pl with 50% Matrigel) were injected into the dorsal surface
of the mice via a 26-gauge needle [28,29]. All experimental procedures were approved by
UNMC IUCAC (IUCAC #14-054-08FC) and carried out in accordance with institutional
and federal guidelines.

Bio-luminescence imaging

LNCaP-Al-Luciferase-inoculated mice were imaged at three or five weeks after
intraprostatic injection of cancer cells. For imaging, D-Luciferin potassium salt (100 mg/kg,
PerkinElmer, #122799, Waltham, MA, USA) was dissolved in sterile PBS and injected
intraperitoneally into the tumor bearing mice 15 minutes prior to imaging. For imaging the
luciferase-expressing tumors, mice were anesthetized using 2.5% isoflurane with oxygen
and placed in the Xenogen IVIS Spectrum bioluminescence imaging system (PerkinElmer,
MA, USA). Images were acquired and analyzed by Living Image 4.5.1 software (Caliper
Life Sciences, MA, USA) with an exposure time of one second. Regions of interest were
determined to encompass the area with most intense light, and signal intensity was
calculated based on a measurement of photons/s/cm?/sr [39]. All experimental procedures
were approved by UNMC IUCAC (IUCAC #07-087-12EP) and carried out in accordance
with institutional and federal guidelines.

Statistical Analysis

Experiments were repeated independently at least three times with two or three technical
replicates in each independent experiment as specified in each figure legend. For example,
an experiment completed three times with two technical replicates in each experiment would
be indicated by n=2x3. The average value of the technical replicates was utilized for each
independent experiment, i.e., n=3, for statistical analysis. The mean and standard deviation
values of results were calculated from the values obtained after three independent
experiments and two-tailed student-t test via Microsoft excel was used to determine the
significance of results. Equal variances were assumed for the two populations. p<0.05 was
considered statistically significant. Quantification of western blot bands was performed on
the NIH program Image-J before undergoing statistical analysis.
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Proliferation of AS and Al PCa Cells in Regular and SR Conditions

To demonstrate the Al phenotype, we analyzed the proliferation of AS PCa cells and the
corresponding Al counterparts in both regular steroid-containing and SR conditions via
Trypan blue exclusion assay. Proliferating Cell Nuclear Antigen (PCNA), a proliferative
marker, was analyzed by Western blotting. In regular culture conditions that contain
androgenic activity, LNCaP-Al, MDA PCa2b-Al and VVCaP-Al cells have rapid growth
rates, higher than the corresponding LNCaP-AS, MDA PCa2b-AS and VCaP-AS cells (Fig.
1A-C). Western blot analyses showed that Al cells have higher levels of PCNA compared to
their AS counterparts. In SR conditions, the differential growth rates were even more
pronounced because AS cells have dramatically reduced proliferative ability in androgen-
deprived conditions, while Al cells retain their rapid growth rates (Fig. 1D-F). Nevertheless,
it should be noted that while Al cells proliferate well in SR conditions, the growth rate is
reduced compared to be in regular conditions. In summary, all three Al PCa cells proliferate
rapidly in SR conditions.

Colony Formation and Migration of AS and Al PCa Cells

The tumorigenicity of AS and Al cells were analyzed by plastic surface 2-D clonogenic and
Boyden chamber transwell assays. LNCaP-Al, MDA PCa2b-Al and VCaP-Al cells had
increased ability of colony formation and migration, compared to their respective AS
counterparts. LNCaP-AS cells formed an average of 50 colonies compared to 214 LNCaP-
Al colonies (Fig. 2A). MDA PCa2b-AS and VCaP-AS cells grew 30 and 35 colonies,
respectively, while their Al counterparts formed 338 and 172 colonies (Fig. 2B and 2C). In
the Boyden chamber transwell assay, LNCaP-Al cells migrated approximately 2-fold after
24 hours compared to LNCaP-AS cells (Fig. 2D). MDA PCa2b-Al and VVCaP-Al cells have
migratory rates about 3-fold and 4-fold of the MDA PCa2b-AS and VCaP-AS cells,
respectively (Fig. 2E and 2F). Thus, the tumorigenicity of Al cells increases, higher than the
corresponding AS cells.

Basal Oxidant Species Levels and Cell Signaling Profiles in AS and Al PCa Cells

Because ROS levels have been proposed to play a role in PCa progression [18,21,22], we
semiquantified the relative basal oxidant species levels in AS and Al PCa cells utilizing
DCF-DA dye, which primarily measures H,O, [37]. As shown in Fig. 3A, a significantly
greater amount of fluorescence was detected in LNCaP-Al cells compared to LNCaP-AS
cells (Fig. 3A). Similarly, MDA PCa2b-Al (Fig. 3B) and VCaP-Al (Fig. 3C) cells had
significantly higher basal levels of general oxidant species compared to corresponding AS
cells. On average, Al PCa cells had about 40% higher basal general oxidant species levels
than their respective AS PCa cells.

Western blot analysis was conducted to analyze the signaling profiles of our PCa progressive
cell model (Fig. 3D). Among three Shc family members, p66Shc protein level was elevated
in LNCaP-Al, MDA PCa2b-Al and VVCaP-Al cells compared to their AS counterparts; while
the protein levels of the other two Shc isoforms, p52Shc and p46Shc, were not significantly
altered in the respective Al cells. While AR protein levels showed only a minor change in
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the three progressive cell lines, cellular PSA (cPSA), an androgen-regulated biomarker in
PCa cells, was greatly elevated in Al PCa cells, indicating AR activation [33]. Cellular
Prostatic Acid Phosphatase (CPAcP), a negative regulator of ErbB-2 phosphorylation and
inhibitor of PCa growth [9, 38], was more readily reduced in LNCaP-Al and MDA PCa2b-
Al cells, while there was only a minor change in VCaP-Al cells compared to VCaP-AS cells
(the 50kDa protein is the active form of PAcP, while the 37 kDa protein is the intermediate
form). Importantly, in all three Al PCa cells, there were increased phosphorylation levels of
ErbB-2, AKT, ERK1/2 and mTOR compared to their AS counterparts. ROS-sensitive
FOXM1 and its downstream CDC25B and Cyclin B1 were increased upon progression to
the Al phenotype. There were also increased phosphorylation of PYK2 and elevated levels
of P-Rex1 and GTP-bound Rac1l, the activated form of Racl, in Al PCa cells, both important
proteins involved in cell migration. YAP1 phosphorylation and its total protein levels
increased upon progression from AS to Al cells as well. In summary, the signaling profile in
these three PCa cell progressive models demonstrates that Al PCa cells have greater
potential for cell survival, proliferation and migration compared to corresponding AS PCa
cells.

Effects of ROS by H,0, and NAC on AS PCa Cell Proliferation and Migration

Because ROS levels and proliferative signaling are activated in advanced clinical PCa and
general oxidant species levels are elevated in Al PCa cells compared to respective AS PCa
cells (Fig. 3), we analyzed the direct effects of H,O, and antioxidant NAC, a ROS
scavenger, on AS PCa cell growth and migration. H,O, treatment at physiological levels
increased cell proliferation with 10 pM promoting the optimal growth of LNCaP-AS cells.
Conversely, NAC treatment reduced the basal cell growth and reduced H,O»-stimulated cell
proliferation (Fig. 4A). Since H,O, (10 uM) treatment led to the optimal increase in cell
proliferation of LNCaP-AS cells, this concentration was utilized for H,O, treatments
throughout the rest of the study.

H,0, (10 uM) treatment increased MDA PCa2b-AS cell growth by about 80%, while NAC
(10 mM) treatment reduced the basal cell proliferation by an average of 50% (Fig. 4B). The
combination of NAC abolished the stimulatory effect of H,O, treatment on cell proliferation
of MDA PCa2b-AS cells (Fig. 4B). A similar trend was seen in VCaP-AS cells in which
H,0, treatment increased about 50% cell proliferation, while NAC treatment effectively
reduced both basal and H,O,-stimulated cell proliferation (Fig. 4C).

H,0, and NAC treatments exhibited similar respective effects on cell migration in all three
AS cell lines observed in cell proliferation. HoO, (10 pM) treatment increased cell migration
by about 70%, 30%, and 50% in LNCaP-AS, MDA PCa2b-AS and VVCaP-AS cells,
respectively; NAC (10 mM) treatment reduced migration to below basal levels. Further,
NAC reduced H,0,-enhanced migration by about 30-50% compared to control cells (Fig.
4D- 4F).

The effects of H,O, and NAC treatments on cellular H,0, levels was examined in LNCaP-
AS cells as the model system. LNCaP-AS cells were stained with Peroxy Orange-1 (PO-1)
to detect H,O5 levels. In LNCaP-AS cells, H,O, (10 uM) treatment significantly increased
H,0, levels by about 50%, while NAC (10 mM) treatment resulted in a 20% reduction of
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basal H,0, levels. Concurrent treatment with H,O, and NAC could effectively abolish the
effects of H,O, on the cellular oxidative environment (Fig. 4G). Thus, cellular levels of
ROS/H,0, correlate with HoO, and NAC treatments resulting in altered cell proliferation
and migration.

Cell Growth and Cellular Levels of Oxidant Species in LNCaP-AS and LNCaP-Al Cells and
p66Shc Subclones

Because p66Shc protein levels are elevated in all three Al cells (Fig. 3D) and also clinical
PCa [9,25], we determined the effect of p66Shc protein on cell growth (Fig. 5A and 5B) and
analyzed H,0, (DCF-DA and PO-1) and mitochondrial superoxide (MitoSOX) levels in
LNCaP-AS and LNCaP-Al cells as well as p66Shc-overexpressing subclones versus V1
control cells. Comparing LNCaP-Al cells transfected with p66Shc shRNA to control cells,
there was 60% reduction in cell proliferation (Fig. 5A). Upon stable transfection of LNCaP-
AS cells with p66Shc cDNA, there was about 140% increase in cell proliferation compared
to vector-alone V1 control cells, while there was a 60% reduction in cell proliferation in the
stable p66Shc subclones upon knockdown of p66Shc protein (Fig. 5B).

To determine the role of p66Shc protein in enhancing oxidant species production, DCF-DA
analysis was utilized upon knockdown of p66Shc. p66Shc knockdown in LNCaP-Al cells
resulted in a 40% reduction in DCF-DA fluorescence (Fig. 5C). Comparing p66Shc
subclones to V1 control cells, there was about a 35% increase in general oxidant species, as
indicated by DCF-DA, while subsequent knockdown of p66Shc in these cells reduced DCF-
DA fluorescence to basal V1 levels (Fig. 5D). As shown in Figure 5E, comparing the basal
H,0, levels in LNCaP-AS with LNCaP-Al cells, H,0, levels are 50% greater in Al cells
than AS cells and about 75% greater in p66Shc subclones compared to V1 control cells
transfected with the vector alone. Importantly, transfection of LNCaP-Al cells or p66Shc
subclones with p66Shc shRNA resulted in a decrease in PO-1 staining to that of basal levels
seen in LNCaP-AS cells or V1 vector-alone transfected cells (Fig. 5E). Furthermore,
MitoSOX fluorescence in LNCaP-Al cells was about 5-fold greater than in LNCaP-AS cells.
Similarly, p66Shc subclones had an average of 3.5-fold greater mitochondrial superoxide
levels compared to control cells transfected with the vector alone. Similar to PO-1 staining,
upon transfection with p66Shc shRNA, MitoSOX fluorescence was reduced to that of
LNCaP-AS or V1 cell levels in LNCaP-Al and p66Shc subclones (Fig. 5F). Therefore,
increased p66Shc protein levels in both LNCaP-Al cells and p66Shc stable subclones are
associated with a significant increase in H,O, and mitochondrial O," levels, correlating
with the Al phenotype.

Cell Signaling Profile in LNCaP Cells and p66Shc Subclones

To identify the common functional molecules in CR PCa progression, LNCaP and p66Shc
subclone cell lysates under regular culture conditions were analyzed for alteration of
phosphoproteins by Kinexus. Figure 6 shows that several functional proteins with elevated
phosphorylation levels are consistent between LNCaP-Al cells and p66Shc subclones. For
example, phosphorylation levels of ABL1, ACK1, AKT2, AKT3, AMPKa2, ANKRD3/
RIPK4, APP, EGFR, ErbB2, ErbB3, MET and mTOR were elevated. Nevertheless, p66Shc
subclones had an increase in phosphorylation of MAPKSs including ERK2 and ERKS5,
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MKK?2 and MEKK?2, as well as activation of PKC and cyclin dependent kinases CDK1,
CDK4, CDK10 and CDK12. Together, the data shows several signaling pathways, such as
MET, ABL1 and the ErbB family, are activated in both LNCaP-Al cells and p66Shc
subclones, suggesting that these pathways are altered upon progression to the Al phenotype
with increased ROS levels.

Additionally, we performed molecular profiling on ROS-sensitive functional molecules by
western blot analysis (Fig. 7) to validate and expand upon the phosphoprotein microarray.
LNCaP-AS cells were treated with H,O, (0-20 uM), NAC (10 mM), or a combination of
H50, (10 uM) and NAC (10 mM) for 48 hours. While there was an apparent increase of
p66Shc protein levels in AS cells upon treatment with H,O», the protein level was still quite
low. There were no significant changes in AR or cPSA protein levels. cPAcP protein levels
were reduced upon H,O5, NAC, or the combination treatment. Further, cell proliferation and
survival proteins ErbB-2, AKT, ERK and mTOR had elevated phosphorylation levels with
increasing concentrations of H,O,, which was counteracted by NAC. FOXML1 protein levels
as well as phosphorylated PYK2 and GTP-bound Racl increased with H,O, treatment,
while NAC treatment alone reduced activation of these proteins (Fig. 7A). Importantly, a
similar signaling profile was seen in p66Shc subclones compared to vector-alone transfected
V1 cells. p66Shc protein levels were increased in the p66Shc subclones as well as enhanced
phosphorylation of ErbB-2, AKT, ERK, mTOR and PYK2 compared to V1 cells. FOXM1
levels were also increased in p66Shc subclones. Interestingly, cPACP levels were reduced
upon increased p66Shc expression (Fig. 7B). Further, knockdown of p66Shc in LNCaP-Al
cells and stable p66Shc subclones resulted in reduced p66Shc and FOXM1 protein levels
and decreased phosphorylation of ErbB-2, AKT, ERK, mTOR and PYK2. Conversely,
cPACP levels were increased, especially the 50 kDa form (Fig. 7B). The data demonstrates
that these signaling pathways are sensitive to increased oxidant species and that p66Shc is
one such source that could alter cell signaling in PCa.

LNCaP Progressive Cell Model and p66Shc Subclones in Xenograft Mouse Models

We determined the effect of p66Shc protein expression on /n vivotumorigenicity in
xenograft animals. Initially, western blot analysis was utilized to determine protein levels of
p66Shc in LNCaP-AS, LNCaP-Al, V1 and p66Shc subclone cells. Immunoblot analysis
revealed that LNCaP-AS cells have the lowest levels of p66Shc, V1 and LNCaP-Al cells
have moderate protein levels of p66Shc, and p66Shc subclones have the highest protein
levels of p66Shc among the cell lines examined (Fig. 8A). To determine the /n vivo tumor
growth, these cells were subcutaneously injected into female athymic mice with low
circulating androgens to mimic castrated conditions. Under castrated conditions in female
mice, LNCaP-AS and V1 cells developed subcutaneous tumors in about 50% of the animals;
while LNCaP-Al and p66Shc subclone cells developed tumors in at least 80% of the mice.
LNCaP-AS and V1 tumors were in average about 193 mm?3 and 144 mm3, respectively,
while LNCaP-Al and p66Shc subclone tumors both had sizes of about 800 mm3 (Fig. 8B).
Thus, LNCaP-Al and p66Shc-overexpressing subclones obtain the enhanced tumorigenicity
by developing more and larger tumors than AS cells in androgen-reduced environments,
correlating with p66Shc protein levels.
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To determine the effect of p66Shc expression on local invasion, LNCaP-AS and LNCaP-Al
cells underwent orthotopic injection into the prostates of male athymic mice. As shown in
Fig. 8B, no male mice developed metastatic tumors upon implantation with LNCaP-AS
cells, while about 50% of mice with LNCaP-Al tumors exhibited metastasis. Additionally,
40% of mice with V1 tumors developed metastasis, while 100% of mice implanted with
p66Shc subclone tumors developed metastasis (Fig. 8B). Collectively, p66Shc protein levels
correlate with the metastatic frequency (Fig. 8A and 8B) with a linear correlation R-value of
0.8314. Figure. 8C clearly shows that orthotopic mouse models of LNCaP-Al-Luc cells
develop metastatic tumors 3 weeks after implantation; while Figure 8D shows the
metastasized tumors of p66Shc subclones in the pancreas and Gl tract, which were the two
most common metastasis locations (Fig 8E). Importantly, this data clearly demonstrates that
the metastatic ability of PCa tumors correlates with p66Shc protein levels.

Discussion

CR PCa is a lethal disease that patients succumb to shortly upon development; thus,
understanding the mechanism of PCa progression from the AS to the Al/CR phenotype is
crucial for developing therapeutic options for this patient population. In this study, we report
the establishment of a PCa cell progression model in three AR-positive PCa cell lines that
recapitulates clinical PCa progression from the AS to the AI/CR phenotype. We further
investigated the molecular mechanisms and determined that p66Shc protein/oxidant species
play a vital role in PCa progression.

Results of Trypan blue exclusion, Boyden chamber transwell and clonogenic assays clearly
show that all three AR-positive Al cells, including LNCaP-Al, MDA PCa2b-Al and VCaP-
Al PCa cells, have greater tumorigenicity than respective AS cells, including proliferation,
migration and colony formation (Fig. 1 and 2). Importantly, in SR conditions, Al PCa cells
retained the rapid cell proliferation while the growth of AS PCa cells was arrested (Fig. 1).
Further, Al PCa cells have higher levels of oxidant species including H,O5 than AS cells
(Fig. 3A-3C), and Al cells have activated survival, proliferation and migration pathways
(Fig. 3D). Significantly, activation of these pathways occur in clinical advanced PCa, such as
AKT [40], ERK [41], mTOR [42], P-Rex1 [43-45] and YAP [46]. Increased P-Rex1 protein
and Racl activity further suggest that Al PCa cells have greater migratory ability and
potential for metastasis [47], as seen by the LNCaP-Al and p66Shc subclone xenograft
tumors in Figure 8. It should also be noted that the early passages of V1 cells have similar
low levels of p66Shc protein to LNCaP-AS cells [9, 38] and upon passage, the p66Shc
protein levels increase similar to LNCaP-Al cells (Fig. 8A). Additionally, in PCa archival
specimens, p66Shc protein level is elevated in PCa cancerous cells, higher than adjacent
noncancerous prostate cells [9]. The data together supports the notion that p66Shc protein
plays a role in supporting PCa progression and enhancing tumorigenicity and metastasis.
Thus, we have established a useful PCa cell progression model in three AR-positive PCa cell
lines that recapitulate clinical disease progression.

We also investigated the role of ROS in PCa progression. Interestingly, H,O, treatments
increased AS PCa cell proliferation and migration, which was competitively counteracted by
NAC treatment (Fig. 4). We further analyzed p66Shc molecule that is shown to enhance
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oxidant species generation for its role and mechanism involved in the phenotypic alteration
from AS to AI/CR PCa cells [9,27,36,38]. LNCaP-Al cells and stable p66Shc-
overexpressing subclones, which both exhibit the Al phenotype [9], had higher oxidative
environments compared to LNCaP-AS and V1 cells (Fig. 5). Interestingly, the increase in
05"~ is greater within the mitochondria, where p66Shc protein is often localized [36,48],
further suggesting the role of p66Shc and mitochondrial O,"~ generation in the Al PCa
phenotype. Upon knockdown of p66Shc protein in LNCaP-Al and p66Shc subclone cells,
there was a subsequent reduction in both ROS and oxidant species, as detected by DCF-DA,
PO-1 and MitoSOX (Fig. 5). Analysis of ROS and O,°~ levels with DHE resulted in a
similar phenomenon in which both were reduced upon p66Shc knockdown (data not shown).
Thus, our data clearly showed that p66Shc functions as a prooxidant to enhance oxidant
species production which can promote PCa proliferation and progression.

To elucidate the molecular signaling mechanism of Al PCa cells, we performed a
phosphoprotein microarray. Significantly, several proteins, including ABL1, AKT,
ErbB-1/2/3, MET and mTOR, have enhanced activation in both LNCaP-Al cells and p66Shc
subclones (Fig. 6). Our data further demonstrated oxidant species-mediated alterations in
cell signaling profile with treatment of LNCaP-AS cells with H,O, (Fig. 7), which was
essentially identical to the Al PCa signaling profile in Figure 3D and validated increased
phosphorylation levels of ErbB-2, AKT, ERK1/2 and mTOR seen in the phosphoprotein
microarray results. Treatment of LNCaP-AS cells with H,O5 led to activation via increased
phosphorylation of ErbB-2, AKT, ERK, mTOR and PYK2 as well as GTP-bound Racl. We
further confirmed that p66Shc expression affects the activation by phosphorylation of
ErbB-2, AKT, ERK, mTOR and PYK2 in p66Shc subclones and by knockdown of p66Shc
expression (Fig. 7B). Interestingly, many of these oxidant species-sensitive proteins are
involved in cell survival, proliferation and migration such as MET, AKT [49], mTOR [50],
ACK1 [51] and ABL1 [52]. Lastly, we demonstrated the ability of LNCaP-Al cells and
p66Shc subclones, but not LNCaP-AS cells, to develop xenograft tumors in castrated
conditions. Further, LNCaP-Al cells and p66Shc subclones exhibit enhanced metastatic
ability, which correlates with p66Shc protein expression (Fig. 8). Supportively, p66Shc is
shown to be elevated in clinical PCa archival specimens, suggestive of its vital role in
enhancing PCa tumorigenicity and progression [9,25]. Our data together supports the notion
that p66Shc could serve as a functional target and novel small molecule inhibitors to p66Shc
should be developed for treatment of CR PCa.

Figure 9 represents the working hypothesis for the role of ROS in PCa progression.
Suboptimal oxidant species levels can result in cell senescence, while a moderate increase in
oxidant species levels promotes an environment in which cells exhibit the highest potential
of proliferation, migration and invasion. AS PCa cells, including LNCaP-AS, MDA PCa2b-
AS and VCaP-AS PCa cells, can increase protein levels of proteins that can promote ROS
generation, such as p66Shc, or be treated with H,O, to promote their tumorigenic
phenotypes, while NAC or antioxidant enzymes will reduce cell growth (Fig. 9A).
Moreover, increased oxidant species production via p66Shc protein can inactivate cPACP, a
prostate-specific, PTEN functional-homologue phosphatase [9], resulting in increased
activity of ErbB-2, AKT, ERK, mTOR, PYK2 and Racl, promoting PCa proliferation and
survival (Fig. 9B).
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Highlights

. Prostate cancer cell progression model mimics clinical progression of
castration-resistant cancer.

. Androgen-independent cells have a higher level of oxidant species than
androgen-sensitive cells.

. Treatment of androgen-sensitive cells with hydrogen peroxide promotes
growth and migration.

. p66Shc protein enhances oxidant species production with a castration-
resistant signaling profile.

. p66Shc protein levels correlate with prostate cancer metastasis in xenograft

animal model.
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Figure 1. AS and Al PCa Cell Growth in Regular and SR Conditions.
AS and Al LNCaP, MDA PCa2b, and VVCaP cells were subjected to a kinetic growth assay

in (A-C) regular and (D-F) SR conditions. (A and D) LNCaP, (B and E) MDA PCa2b, and
(C and F) VCaP cells were plated at 2 x 104, 1 x 105, and 2 x 10° cells per well in 6-well
plates, respectively. For SR conditions, cells were adjusted to SR medium for 48 hours
before growth determination. Cells were harvested every 72 hours on days 0, 3, 6, and 9.
Cell viability was measured using Trypan blue exclusion dye. Results presented are mean +
SD. n=3x3. *p<0.05, **p<0.005, ***p<0.0005. Cells were lysed to determine PCNA levels
via western blot analysis to confirm cell growth results. B-actin protein level was used as a
loading control.
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Figure 2. Colony Formation and Transwell Migration of AS and Al PCa Cells.
(A-C) AS and Al LNCaP, MDA PCa2b and VCaP cells were plated in 6-well plates at 3 x

103, 1 x 104 and 1 x 104 cells per well, respectively. LNCaP cells were maintained in regular
RPMI 1640 medium for 9 days with a fresh change of medium every 3 days. MDA PCa2b
and VCaP cell lines were maintained in HPC1 and DMEM, respectively, for 14 days, with a
fresh change of medium every 3 days. Cells were stained with 0.02% crystal violet
containing 50% methanol. The stained cells were then photographed at 40x magnification
for counting. Results presented are mean + SD. n=2x3. *p<0.05, **p<0.005, ***p<0.0005.
(D-F) AS and Al LNCaP, MDA PCa2b and VCaP cells were plated in the upper chamber of
the transwell inserts at 5 x 104, 6 x 10% and 6 x 10* cells, respectively, in regular medium.
Cells were allowed to migrate for 24 hours, at which time cells in the upper chamber were
removed via cotton swab and the cells that had migrated through the insert were stained with
0.02% crystal violet containing 50% methanol. Images were taken at 400x magnification.
Results presented are mean + SD. n=2x3. *p<0.05, **p<0.005.
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Figure 3. ROS Levels and Signaling Pathways in AS and Al Cells.
(A-C) DCF-DA analysis for general oxidant species levels. AS and Al (A) LNCaP, (B)

MDA PCa2b and (C) VCaP cells were plated at 1 x 10°, 5 x 10°, and 3 x 10° cells per T25
flask and grown for 72 hours. Cells were stained with DCF-DA (20 pM) for 30 minutes in
the dark and subjected to flow cytometry analysis. Results presented are mean = SD. n=3,
*p<0.05.

(D) Immunoblot analysis of the signaling pathways in LNCaP, MDA PCa2b and VVCaP PCa
cells. LNCaP, MDA PCa2b and VCaP cells were plated in T75 flasks at 1.5 x 10%, 4 x 10°
and 4 x 10° cells per flask in regular steroid-containing medium for 72 hours. Cells were
harvested via scrapping and lysed. Total cell lysates were analyzed for Shc, AR, cPSA,
PACP, FOXM1, CDC25B, and Cyclin B1. Lysates were also analyzed for total and
phosphorylated ErbB-2, AKT, ERK, mTOR, YAP1 and PYK2, as well as total Racl and
GTP-Racl. B-actin protein level was used as a loading control. The data shown is a
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representative of three sets of independent experiments and similar results were obtained.
n=3.
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Figure 4. Effects of Altered Oxidant Species Levels on AS PCa Growth and Migration.
(A-C) Trypan Blue Exclusion Assay. (A) LNCaP-AS, (B) MDA PCa2b-AS and (C) VCaP-

AS cells were plated at 2 x 104, 2 x 10% and 2 x 104 cells per well, respectively, for 72
hours. Cells were treated with H,O, (0-20 uM) or NAC (10 mM) for 72 hours before cells
were harvested and counted via Trypan blue exclusion dye. Results presented are mean +
SD. n=3x3. *p<0.05, **p<0.005, ***p<0.0005.

(D-F) Boyden Chamber Transwell Assay. (D) LNCaP-AS, (E) MDA PCa2b-AS and (F)
VCaP-AS cells were plated at 5 x 104, 6 x 10% and 6 x 104 cells, respectively, in the upper
chamber of a transwell insert for 24 hours with H,O, (10 uM) and/or NAC (10 mM)
treatments. Cells in the upper chamber were removed via cotton swab and the cells that had
migrated through the insert were stained with 0.02% crystal violet containing 50%
methanol. Images were taken at 400x magnification. Results presented are mean + SD.
n=2x3. *p<0.05, **p<0.005, ***p<0.0005.
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(G) LNCaP-AS cells were plated at 5 x 104 cells per well in 12-well plates for 48 hours.
Cells were treated with H,O, (10 uM) and/or NAC (10 mM) for 24 hours. H,0, levels were
labeled with Peroxy Orange-1 fluorescence indicator for 1 hour before the reaction was
quenched. DAPI was utilized to stain the nucleus. Fluorescence was visualized via a
confocal microscope. Color adjustment was applied equally in all images shown. The data
shown is a representative of three sets of independent experiments upon which 20 cells were
quantified and similar results were obtained. Results presented are mean £ SD. n=3.
*p<0.05, **p<0.005.
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Figure 5. Cell Proliferation and Cellular Oxidative Environment in LNCaP-AS and LNCaP-Al
Cells and p66Shc Subclones.
(A) LNCaP-Al and (B) p66Shc subclone cells were plated at 2 x 10* cells per well in 6-well

plates for 48 hours. Cells were transfected with vector or p66Shc shRNA, then grown for an
additional 72 hours before cells were harvested via trypsin. Cell viability was measured
using Trypan blue exclusion dye. Results presented are mean + SD. n=3x3. *p<0.05,
**p<0.005, ***p<0.0005. Cells were then lysed to determine Shc protein levels via Western
blot analysis to confirm proper transfection. p-actin protein level was used as a loading
control.

(C) LNCaP-Al and (D) p66Shc subclone cells were plated at 2 x 10° cells per T25 flasks for
48 hours. Cells were transfected with vector or p66Shc shRNA, then grown for an additional
24 hours before cells were harvested via trypsin. Cells were stained with DCF-DA (20 uM)
for 30 minutes in the dark and subjected to flow cytometry analysis. Results presented are
mean = SD. n=3.
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LNCaP-AS and LNCaP-Al cells and p66Shc subclones with vector alone transfected V1
cells were plated at 5 x 10% cells per well in 12-well plates for 48 hours. Cells were
transfected with vector or p66Shc shRNA, then grown for an additional 24 hours. (E) H,05
was labeled with Peroxy Orange-1 fluorescence indicator for 1 hour before the reaction was
quenched. (F) Mitochondrial O," levels were labeled with MitoSOX fluorescence indicator
for 1 hour. DAPI was utilized to stain the nucleus. Fluorescence was visualized via a
confocal microscope. Color adjustment was applied equally in all images shown. The data
shown is a representative of three sets of independent experiments and similar results were
obtained. Twenty cells were imaged for each treatment in each independent experiment.
Results presented are mean + SD. n=3. *p<0.05, **p<0.005.
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Figure 6. Phosphoprotein Microarray Analysis of LNCaP Cell Progression Model and p66Shc
Subclones.

Total cell lysates of LNCaP-AS and LNCaP-Al cells or V1 control cells and equally mixed
population of stable S31, S32, and S36 p66Shc subclones were analyzed via KAM-900P
protein microarray by Kinexus. Results are presented in which red represents an increase
and green a decrease in phosphoprotein or protein levels comparing the LNCaP-Al cells or
p66Shc subclones to AS LNCaP or V1 cells, respectively. n=1x5.
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Figure 7. Oxidant Species/p66Shc Effect on Signaling Profile in LNCaP-AS Cells and p66Shc

Subclones.

Immunoblot analysis of (A) LNCaP-AS cells upon treatment with H,O, (10 uM) and/or
NAC (10 mM) and (B) LNCaP-Al cells and p66Shc subclones upon knockdown of p66Shc.
Cells were plated in T75 flasks at 1.5 x 10 cells per flask in regular steroid-containing
medium for 72 hours, before being treated with H,O, (0-20 uM) and/or NAC (10 mM) for
72 hours. Cells were harvested via scrapping and lysed. (A) Total cell lysates were analyzed
for Shc, AR, cPSA, PAcP and FOXM1. Lysates were also analyzed for total and
phosphorylated ErbB-2, AKT, ERK, mTOR, and PYK2 as well as total and GTP-Racl. (B)
Total cell lysates of LNCaP-Al and p66Shc subclone cells transfected with p66Shc ShRNA
were analyzed for Shc and FOXM1. Lysates were also analyzed for total and phosphorylated
ErbB-2, AKT, ERK, mTOR and PYK2. B-actin protein level was used as a loading control.
The data shown is a representative of three sets of independent experiments and similar
results were obtained. n=3.
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Figure 8. In vivo Models of LNCaP Cell Progression Model and p66Shc Subclones.
(A) Western blot analysis of Shc in LNCaP-AS, LNCaP-Al, V1 and p66Shc subclone cells.

B-actin protein level was used as a loading control.

(B-D) Orthotopic injection of 2 x 108 AS or Al LNCaP cells into male athymic nude mouse
prostates or subcutaneous injection of 1 x 108 AS or Al LNCaP cells or V1 and p66Shc
subclones into male (regular conditions) or female (castrated conditions) mice dorsal
surface. Tumors were allowed to grow for 8 weeks before animals were sacrificed. (B) Mice
with metastasis 7-8 weeks post orthotopic injection was recorded. (C) Imaging of LNCaP-
AI-LUC tumors in mice 3 weeks post-implantation. (D) Photograph of p66Shc subclone
tumor metastasis to the Gl tract (left) and pancreas (right). (E) Locations of metastatic foci
in mice implanted with LNCaP-Al and p66Shc subclones tumors.
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Figure 9. Dynamic Balance of ROS/Oxidant Species in PCa Progression.
(A) Diagram of the balance of ROS/oxidant species in PCa cells. PCa cells are documented

to have higher levels of ROS than benign tissue. AS PCa cells have moderate levels of ROS,
which can be reduced by NAC treatment or antioxidant enzymes to reduce tumorigenicity
and induce quiescence. Increased ROS in AS PCa cells via H,O5 or pro-oxidants can
promote PCa tumorigenicity and thus, more aggressive cancer and obtain the CR phenotype.
(B) p66Shc protein has been demonstrated to enhance oxidant species production and is
elevated in prostate cancer cells. Increased cellular oxidant species oxidize cellular prostatic
acid phosphatase (cPAcP), preventing it from dephosphorylating ErbB-2. Phosphorylated
ErbB-2 then activates downstream targets PI3BK/AKT/mTOR, ERK, PYK2 and Racl, all of
which contribute to PCa cell proliferation and migration.
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