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Abstract

The castration-resistant (CR) prostate cancer (PCa) is lethal and is the second leading cause

of cancer-related deaths in U.S. males. To develop effective treatments toward CR PCa, we
investigated reactive oxygen species (ROS) signaling pathway for its role involving in CR PCa
progression. ROS can regulate both cell growth and apoptosis: a moderate increase of ROS
promotes proliferation; its substantial rise results in cell death. p66Shc protein can increase
oxidant species production and its elevated level is associated with the androgen-independent
(Al) phenotype of CR PCa cells; while heme oxygenase-1 (HO-1) is an antioxidant enzyme

and elevated in a sub-group of metastatic PCa cells. In this study, our data revealed that HO-1
and p66Shc protein levels are co-elevated in various Al PCa cell lines as well as p66Shc cDNA-
transfected cells. Knockdown and/or inhibition of either p66Shc or HO-1 protein leads to reduced
tumorigenicity as well as a reduction of counterpart protein. Knockdown of HO-1 alone results

in increased ROS levels, nucleotide and protein oxidation and induction of cell death. Together,
our data indicate that elevated HO-1 protein levels protect PCa cells from otherwise apoptotic
conditions induced by aberrant p66Shc/ROS production, which thereby promotes PCa progression
to the CR phenotype. p66Shc and HO-1 can serve as functional targets for treating CR PCa.
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Graphical Abstract

Hypothesis: Dynamic regulation of cellular ROS balanced by p66Shc and HO-1, leading to the
progression of prostate cancer to the castration-resistant phenotype.
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Introduction

Prostate cancer (PCa) is the most commonly diagnosed solid tumor and the second

leading cause of cancer-related deaths in U.S. men [1]. Most metastatic PCa obtain the
castration-resistant (CR) phenotype under androgen deprivation therapy (ADT) through
various mechanisms [2-4] and currently, CR PCa has no effective or curative therapies [4-6].
Therefore, we are investigating the molecular mechanism of CR PCa progression to aid in
the development of alternative therapies to treat this lethal disease.

Cellular reactive oxygen species (ROS) has been proposed to play a role in the progression
of many types of cancers, including PCa [7]. Increased ROS levels in PCa are supported by
the observations of elevated levels of oxidative damage markers, e.g., malondialdehyde and
8-oxoguanine, higher than that in benign prostate tissue [8,9]. Furthermore, an androgen-
induced increase in ROS and oxidant species are shown to promote PCa cell proliferation,
migration, invasion and metastasis [10-13] as well as augment mitochondrial activity
[14-17].

p66Shc is a member of the Shc (Src homology-collagen homolog) adaptor protein family
[18-20]. p66Shc can enhance oxidant species including superoxide production via two
pathways: within the cytosol, p66Shc through Racl can interact with NOX enzymes to
generate O,~; p66Shc can also localize to mitochondria and interact with cytochrome C to
promote the leakage of electrons from the electron transport chain to form O,™. The function
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of p66Shc in enhancing ROS production thus lends its role to a variety of cellular processes,
e.g., longevity, senescence, cell proliferation and apoptosis, resulting in its role in aging and
diseases [20-22]. In PCa, p66Shc protein levels are elevated in clinical adenocarcinomas
compared to that of benign prostate tissues [11,23]. In androgen-sensitive (AS) PCa

cells, androgen treatments increase p66Shc protein that leads to increased oxidant species
production and cell proliferation, and p66Shc protein level is also higher in androgen-
independent (Al) cells than in the corresponding AS cells [10-13,23]. Furthermore, elevated
p66Shc protein levels by cDNA transfection supports AS cell proliferation and migration
under steroid-reduced (SR) conditions in culture and tumor development in xenograft
animals with low circulating androgens, a CR PCa phenotype [11-13]. Together, elevated
p66Shc enhances PCa cell tumorigenecity and metastasis as well as obtains the CR
phenotype in xenograft animals [11,13].

While increased ROS can enhance tumorigenicity, excessive ROS generation results in
cytotoxicity, including oxidative damage of nucleotides, proteins, and lipids, leading to
apoptosis. Cancer cells are known to be in a pro-oxidant state for progression, therefore
they often develop mechanisms to protect themselves against toxic levels of ROS, in part by
expressing a set of cytoprotective molecules to prevent from apoptosis. Heme oxygenase-1
(HO-1) is such a protein that is involved in the degradation of heme, an inflammatory

agent [26,27]. HO-1 is the rate-limiting enzyme of heme degradation to free iron, carbon
monoxide and biliverdin that is rapidly converted to the antioxidant bilirubin by biliverdin
reductase. Both biliverdin and bilirubin can react with O,~ to reduce levels of this toxic
ROS species. Under physiological conditions, HO-1 expression is quite low. However, HO-1
expression and activity can be stimulated for several folds by various factors, including
heme, ROS (particularly O57), UV irradiation, physical stress, cytokines, and growth
factors [28]. HO-1 is shown to be associated with tumor growth, aggressiveness, metastatic
potential, drug resistance, and/or poor prognosis in a variety of cancers [29]. In PCa, while
there is little to no detection of HO-1 in AS PCa or benign tissue, HO-1 protein level is
significantly elevated in a subgroup of metastatic PCa archival specimens, particularly that
of hormone-refractory/CR PCa [30-33]. Nevertheless, the regulation of HO-1 elevation in
PCa cells and its function of counterbalancing with pro-oxidant production remain further
investigation.

In this study, we discovered a pair of redox proteins: one prooxidant protein and its
corresponding antioxidant protein; together they maintain a high level of ROS for supporting
CR PCa progression without allowing the ROS balance to reach toxic levels. We found that
in PCa cells, an increase or decrease of p66Shc protein correlates with respective increase or
reduction of HO-1 protein and its potent inducer heme levels. Conversely, knockdown HO-1
leads to increased cellular ROS levels and nucleotide and protein oxidation as well as the
induction of cell death particularly in SR conditions. Further, treatment of p66Shc-elevated
PCa cells with HO-1 competitive inhibitor zinc protoporphyrin IX (ZnPP1X) in combination
with radiation led to enhanced anti-tumor activity. Hence, elevated HO-1 protects PCa

cells from aberrantly excessive p66Shc-induced ROS and preventing them from oxidative
damage, concurrently, those cells maintain a high level of ROS resulting in promoting
advanced CR PCa progression. p66Shc and HO-1 together can serve as functional targets for
developing an effective treatment for CR PCa.
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Materials and Methods

Materials

Cell Culture

RPMI 1640 medium, DMEM medium, Keratinocyte SFM medium, gentamicin, and L-
glutamine were obtained from Invitrogen (Carlsbad, CA). HPC1 medium was purchased
from Fischer Scientific (Pittsburgh, PA, USA). Fetal bovine serum (FBS) and charcoal-
treated FBS (cFBS) were purchased from Atlanta Biologicals (Lawrenceville, GA). Heme
Oxygenase-1 siRNA and siTran 1.0 were purchased from Origene (Rockville, MD). Protein
molecular weight standard markers, acrylamide, and Bradford protein assay kit were
purchased from Bio-Rad (Hercules, CA). Anti-AR (5153S, 1:2000), anti-Caspase 3 (9662S,
1:2000), anti-PARP (9532S, 1:2000), anti-cyclin B1 (#4135S, 1:1000), and anti-Keap-1
(#8047, 1:1000) were purchased from Cell Signaling Technology (Beverly, MA, USA).
Anti-NFxB (sc-372, 1:1000), anti-Bcly (sc-8392, 1:1000), anti-Bax (sc-6236, 1:1000),
anti-PCNA (sc-56, 1:1000), cytosolic PSA (sc-7638, 1:1000), Cyclin D1 (sc-718, 1:1000),
prostatic acid phosphatase (PAcP) (sc-80908, 1:1000), Survivin (sc-8807, 1:1000), and
horseradish peroxidase-conjugated anti-mouse (#C2011, 1:5000), and anti-rabbit (#D2910,
1:5000) 1gG antibodies (Abs) were all acquired from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-Nrf2 (ab62352, 1:1000), anti-carbonyl (ab178020, 1:1000), and DNA/RNA
Damage (80HG) (ab62623, 1:1000) Abs was purchased from Abcam. Anti-Catalase
(#AF3398, 1:2000) Abs and Peroxy Orange-1 (PO-1) were obtained from R&D Systems
(Minneapolis, MN). Anti-Shc (#06-203, 1:5000) and phosphor-Shc (#07-209, 1:1000) Abs
were obtained from Upstate Biotech. Inc. (Lake Placid, NY). Anti-Superoxide Dismutase-1
(SOD1) (1:2000) and anti-SOD2 (1:2000) Abs were a generous gift from Fredrick Domann.
Anti-HO-1 (ADI-OSA-110-F, 1:1000) and Cysteine (sulfonate) (ADI-OSA-820-D, 1:1000)
Abs were purchased from Enzo Biologicals. Anti-B-Actin (#99H4842, 1:10000) Ab, N-
acetyl cysteine (NAC), hydrogen peroxide (H»05), and MitoTracker were procured from
Sigma (St. Louis, MO). DAPI Hard-Mount Medium was obtained from Vector Laboratories
(Burlingame, CA). Nitro-blue tetrazolium (NBT), riboflavin-5-phosphate, MG132, and
Lactacystin were purchased from Sigma-Aldrich (Darmstadt, Germany).

Human prostate cancer cell lines LNCaP, MDA PCa2b and VVCaP were originally purchased
from the American Type Culture Collection (Rockville, MD) and cultured according to

the accompanied protocols and our publications [34-36]. LNCaP cells were maintained in
RPMI medium containing 5% FBS, 2 mM glutamine and 50 pg/ml gentamicin. MDA PCa2b
cells were maintained in HPC1 medium containing 20% FBS, 2nM glutamine and 50 pg/ml
gentamicin. VCaP cells were maintained in DMEM medium containing 15% FBS, 2 mM
glutamine, 50 pug/ml gentamicin and 10 pg/ml ciprofloxacin. To mimic 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 pg/ml gentamicin and 1 nM
[34-38].

Al LNCaP C-81 cells were established per our publications [34-36]. LNCaP C-81 cells
exhibit many biochemical properties similar to CR PCa, including cell proliferation and
PSA secretion in SR conditions, and importantly, obtaining the intracrine biosynthesis of
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endogenous testosterone from cholesterol with activated AR [3]. Within this manuscript to
be consistent with the other Al cells, Al LNCaP C-81 cells are abbreviated as LNCaP-Al
cells. Similarly, we established MDA PCa2b-Al and VVCaP-Al cells that obtained the Al
phenotype, including rapid cell proliferation in SR media [37,38]

For transient transfection experiments, LNCaP cells were plated at a density of 1x104
cells per cm2 and transfected using Lipofectamine and Plus reagents or siTran 1.0.

Five hours after transfection, cells were fed with RPMI media containing 10% FBS for

24 hrs. The cells were then used for trypan blue exclusion, clonogenic, and transwell
assays, immunofluorescence, and harvesting whole cell lysates for immunoblot analysis.
Stable subclones of LNCaP cells transfected with p66Shc wildtype (WT) cDNA were
established as described previously [11,17,25]. For knockdown of p66Shc expression,
transient transfection of pSUP-p66 plasmid-based small interfering RNA system targeted
against the CH2 domain was used for transfection as described previously [25]. Competitive
inhibition of p66Shc-enhanced ROS production activity was achieved upon transfection of
cells with p66Shc W134F redox-impaired mutant cDNA [12]. For knockdown of HO-1,
HO-1-targeted siRNA was purchased and utilized per company instructions (Origene).

Superoxide Dismutase Activity Assay

For analysis of SOD activity, cells were washed with HEPES buffered saline, pH 7.0,
harvested by scraping, and lysed in ice-cold lysis buffer. Protein concentrations of the
supernatant were determined using Bio-Rad Bradford protein-assay. An aliquot of the total
cell lysate was electrophoresed on a 10% native gel at 70 mA for 3 h at 4°C. Gels were then
incubated in 2.5 mM NBT in the dark at room temperature for 20 minutes, then incubated
with 5 nM riboflavin-5-phosphate in 36 mM phosphate buffer, pH 7.8, plus TEMED on a
light box for 20 minutes. Gels were then washed with water until the gel turned dark purple.

Metabolite Analysis

Cell pellets were prepared from LNCaP-AS, LNCaP-Al, MDA PCa2b-AS, MDA PCa2b-Al,
and p66Shc cDNA-transfected stable subclones of LNCaP-AS cells. The cell pellets were
frozen by dry ice and sent to METABOLON Inc. (Durham, NC) for analysis of the levels

of 297 metabolites (Contract: UNNE-01-11VW). The data were quantified and analyzed by
the company. Values were normalized in terms of raw area counts (OrigScale). For a single
day run, this is equivalent to the raw data. Each biochemical in OrigScale is rescaled to set
the median equal to 1 and expressed as imputed normalized counts for each biochemical
(ScaledImpData).

Cell Proliferation by Trypan Blue Dye Exclusion Assay

To determine the effects of the compounds on PCa cell growth, LNCaP-Al and p66Shc
subclone cells were plated at 2 x 104 cells per well in 6-well plates for 72 hours. Cells were
then transfected with 10 nM of control or HO-1 siRNA or Control or p66Shc shRNA or
treated with ZnPPIX as described in the figure legends in FBS or SR medium for 72 hours.
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The cell number was counted by a cell counter cellometer™ Auto T4 (Nexcelom Bioscience,
USA) using trypan blue dye exclusion assay [38-40].

Immunofluorescence

Experimental cells were plated at 5 x 10 cells per well in 12-well plate on autoclaved
round coverslips in FBS medium and allowed to attach for 24 hours. Cells were treated

as indicated in the text and then fixed in 4% paraformaldehyde in phosphate buffered

saline (PBS) for 10 min at room temperature. Cells were rinsed three times in PBS. The
cells were then incubated with primary antibody in PBS containing 0.5% BSA for 1 h

at room temperature, washed three times in PBS and then incubated with the appropriate
fluorochrome-conjugated secondary antibodies diluted in PBS containing 0.5% BSA for 30
min. Cells were washed three times in PBS and mounted in Fluoromount. Using a Zeiss
LSM 800 confocal microscope with a 63x/1.4 NA oil objective, confocal images were
collected. ImageJ was used for fluorescence quantification [12,40].

ROS Level Determination

LNCaP-Al and p66Shc subclone cells were plated at 5 x 104 cells per flask in FBS medium
and allowed to attach for 24 hours. Cells were then transfected with 10 nM of control or
HO-1 siRNA for 72 hours in FBS medium, then washed with PBS. To analyze cells for
cellular levels of total ROS, cells were stained with 20 uM DCF-DA in the dark for 30
minutes before being washed with PBS and examined via a Becton-Dickinson fluorescence-
activated cell sorter (FACSCalibur, Becton Dickinson, San Jose, CA, USA) at the UNMC
Flow Cytometry Core Facility [12,40].

Immunoblot 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 [12,38-40] . Protein concentrations of the cell lysates 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 antibody at 4°C overnight. Membranes were rinsed with TBS and
incubated with the proper secondary antibody for 60 minutes at room temperature. Proteins
were detected using enhanced chemiluminescence (ECL) reagent kit. B-actin was used as a
loading control [12,38-40].

Statistical Analysis

Each set of experiments was conducted in triplicate or quadruplicate as specified in the
figure legends, and experiments were repeated independently at least three times (i.e., 3x3
or 4x3). The mean and standard error values of results were calculated, and two-tailed
student-t-test via Microsoft Excel was used to determine the significance of results. p<0.05
was considered statistically significant. Quantification of Western blot bands was performed
on the program Image-J before undergoing statistical analysis.
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Since the levels of oxidative stress markers are elevated in PCa cells, ROS is proposed
to play a role in clinical PCa progression [8,14]. We investigated the role of ROS in
promoting CR PCa progression by analyzing the effects of oxidant H,O» vs. antioxidant
NAC on the proliferation of LNCaP-AS cells in steroid-reduced conditions, mimicking
androgen-deprivation conditions. As shown in Fig. 1A, H,O5 treatments increased cell
growth following a dosage response in which 5 pM of H,0, could promote a significant
cell growth (p<0.05) with 10 uM being the optimal effect. Conversely, antioxidant NAC
treatment significantly reduced both the basal cell growth as well as counteracted H,0,-
stimulated cell proliferation (Fig. 1A).

Treatment of LNCaP-AS PCa cells with H,O, (10 uM) exhibited the optimal growth
stimulation in SR conditions (Fig. 1A), therefore this concentration of H,O, was thus
utilized throughout the rest of the study. 10 uM H,0O5 treatment increased MDA PCa2b-AS
cell growth by about 80%; and 10 mM NAC treatment reduced the basal growth of MDA
PCa2b-AS cells by 50% (Fig. 1B). NAC abolished the stimulatory effect of concurrent H,0,
treatment on the proliferation in MDA PCa2b-AS cells (Fig. 1B). A similar trend was seen
in VCaP-AS cells in which H,0, treatment increased basal cell proliferation, while NAC
treatment effectively reduced both basal and H,O,-stimulated cell proliferation (Fig. 1C).
Hence, under steroid-reduced conditions, oxidants increase AS PCa cell proliferation which
is counteracted by antioxidants.

We analyzed ROS vs. NAC effects on PCa-Al cells that exhibit higher ROS levels than

the corresponding AS cells by 2-3 fold [11,13]. Al PCa cells, including LNCaP-Al, MDA
PCa2b-Al and VCaP-Al cells, were treated with H,O, with/without NAC, similarly to

AS PCa cell treatments. 10 uM H,O, treatments resulted in a 55-60% reduction in the
proliferation of LNCaP-Al, MDA PCa2b-Al, and VCaP-Al cells, while 10 mM NAC
treatment increased proliferation by about 40%; the concurrent treatment of H,O, and NAC
resulted in no significant effect on cell proliferation of all three Al PCa cells (Fig. 1D-1F).
Hence, oxidants and antioxidants exhibit opposite effects on cell proliferation in AS vs. Al
PCa cells in SR conditions.

We analyzed cellular HyO5 levels via Peroxy Orange-1 (PO-1) staining in LNCaP-AS and
-Al cells. Figure 1G showed that LNCaP-Al cells exhibit 2-3-fold higher basal levels of
H»0, than corresponding LNCaP-AS cells. Further, treatments of LNCaP-AS and Al with
H,0, or NAC resulted in a corresponding increase or decrease in cellular HoO5 levels,
respectively, and concurrent treatment with both H,O, and NAC mitigated the effects of
either compound on cellular H,O, levels. The data collectively demonstrates a balance of
ROS levels in regulating PCa cell proliferation.

HO-1 and p66Shc are Co-Elevated in Al PCa Cells

Pro-oxidant protein p66Shc level is elevated in clinical PCa samples and Al PCa cells,
higher than respective controls, and plays a role in up-regulating Al PCa proliferation
and migration [11-13, 17,23]. Hence, we analyzed the redox protein profiles of AS versus
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respective Al PCa cells to determine if there is a corresponding antioxidant response to an
elevation of p66Shc protein levels. Western blot analyses clearly showed that among 3 PCa
cell progressive models, p66Shc protein level, but not p52Shc or p46Shc, is consistently
elevated in Al cells, higher than that in the corresponding AS cells, as seen in p66Shc
cDNA-transfected subclone cells (Figure 2A). Further, there is no significant change

in protein levels of catalase and SOD2 (Figure 2A) in all p66Shc-elevated LNCaP-Al,
MDAPCa2b-Al and VCaP-Al PCa cells as well as p66Shc subclone cells, compared to
their AS counterparts. SOD1 protein level was elevated in VCaP-Al and p66Shc subclones
compared to VCaP-AS and V1 cells, respectively; however, there was no significant change
in SOD1 protein levels in LNCaP-Al or MDA PCa2b-Al cells compared to their respective
AS cells. Analysis of SOD activity revealed that SOD activity essentially correlated with its
protein level except SOD1 activity in VCaP-Al cells, and there was no significant alteration
in SOD1 or SOD2 activity in Al PCa cells compared to their AS counterparts (Fig. 2A).

Further analyses revealed that there is a consistent increase in protein levels of Nrf2 and a
reduction in its negative regulator Keapl in Al PCa cells except Keapl in p66Shc subclones.
Additionally, Nrf2 localization to the nucleus was increased in LNCaP-Al and p66Shc
subclones compared to LNCaP-AS and V1 cells, respectively (Fig. S1). Interestingly,

the protein level of Nrf2-downstream target HO-1 was highly elevated, correlating with
increased p66Shc protein in all Al PCa and p66Shc subclone cells (Fig. 2A). Metabolomic
analyses revealed a significant increase in heme levels, a potent inducer of HO-1 expression
and activity, in Al PCa cells and p66Shc subclones compared to AS PCa cells (Fig. 2B).
Heme levels were increased by average 50% in LNCaP-Al and p66Shc subclones compared
to LNCaP-AS cells, while MDA PCa2b-Al cells had about 200% increase in heme levels
over MDA PCa2b-AS cells. Together, the data shows a strong association between pro-
oxidant p66Shc and antioxidant HO-1, but not Catalase, SOD1/2 or NFxB (data not shown),
implicating that the co-elevation of p66Shc and HO-1 proteins is vital for PCa progression to
the Al phenotype.

Nrf2 and HO-1 Protein Levels and PCa Cell Proliferation are Reduced upon Decreased
p66Shc Protein or Activity

To determine the relationship between pro-oxidant p66Shc protein and antioxidant HO-1
protein, which relates to cell proliferation, we knocked down p66Shc expression in LNCaP-
Al cells and p66Shc subclones by transfecting with p66Shc shRNA vector. In p66Shc
shRNA-transfected cells, p66Shc, Nrf2 and HO-1 protein levels decreased, following the
increased amount of p66Shc shRNA (Fig. 3A and 3C). Nrf2 peri-nuclear localization

was also reduced in p66Shc-knockdown LNCaP-Al cells and p66Shc subclones (Fig.

S1). Significantly, the growth of p66Shc shRNA-transfected LNCaP-Al cells and p66Shc
subclones was decreased, following a dose-dependent fashion (Fig. 3B and 3D).

We analyzed whether the changes of these phenotypes were due to ROS produced via
p66Shc enhancement, cells were transfected with cDNA encoding the p66Shc W134F
redox-impaired mutant with no pro-oxidant activity. The p66Shc mutant competitively
inhibits the wild type p66Shc pro-oxidant activity [12,17,41]. Similar results were seen
in both p66Shc W134F redox-impaired mutant-transfected LNCaP-Al cells and p66Shc
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subclones in which Nrf2 and HO-1 protein levels were reduced (Fig. 3E and 3G) as well

as a dose-dependent decrease in cell proliferation (Fig. 3F and 3H). Together, the data show
the association between HO-1 protein level and ROS production with p66Shc protein, and
further support the role of p66Shc via ROS in enhancing PCa cell proliferation [12,13,17].

p66Shc Protein and PCa Cell Proliferation is Reduced upon HO-1 Inhibition or Knockdown

Since preliminary data showed the treatment with HO-1 competitive inhibitor ZnPPIX led
to a reduction in p66Shc protein levels and proliferation of LNCaP-Al cells (data not
shown), we further determined the interactive relationship between HO-1 and p66Shc and
their effects on cell proliferation by inhibiting HO-1 activity via HO-1-targeted siRNA.
Knockdown of HO-1 by siRNA in LNCaP-Al cells resulted in decreased p66Shc protein
levels and cell proliferation in both regular media containing FBS and SR conditions
containing cFBS (Fig. 4A). Consistently, Fig. 4B and 4C showed that knockdown of HO-1
in p66Shc subclones resulted in significantly reduced cell proliferation in both growth
conditions.

Figure S2 shows that upon transfection with HO-1 siRNA, both cell migration and colony
formation of LNCaP-Al and p66Shc subclones were reduced. Migration was reduced in
LNCaP-Al cells by about 35% in FBS conditions while it was reduced by 50% in SR
conditions (Fig. S2A). In p66Shc subclones, migration was reduced by 60% in both FBS
and SR conditions (Figs. S2B and S2C). Similarly, there were significantly fewer colonies
in HO-1 siRNA-transfected LNCaP-Al cells in SR conditions at about an 85% reduction

in colony formation compared to a 60% decrease in FBS conditions (Fig. S2D). This was
also a drastic effect on p66Shc subclones by siRNA to HO-1, which resulted in about an
85% reduction in colony formation in FBS conditions and a 90% reduction in SR conditions
(Figs. S2E and S2F). Interestingly, AS V1 cells had about 50-60% reduction in migration or
colony formation upon knockdown of HO-1 in both FBS and SR conditions (Fig. S2).

Visualization under a confocal microscope further confirmed that p66Shc protein levels are
reduced by about 50% upon transfection with HO-1 siRNA or p66Shc shRNA in LNCaP-Al
cells. p66Shc localization to the mitochondria was also reduced when p66Shc levels were
reduced by about 60% upon HO-1 or p66Shc knockdown (Fig. S3A). Knockdown of HO-1
or p66Shc in p66Shc subclones also resulted in reduced p66Shc protein levels by 35% and
90%, respectively, as well as reduced p66Shc localization to the mitochondria (Fig. S3B).

We analyzed effect of HO-1 knockdown on the stability of p66Shc protein. Control and
HO-1 siRNA transfected LNCaP-Al cells were treated with ubiquitin inhibitors MG132 and
Lactacystin, and cell lysates were then analyzed for p66Shc and HO-1 protein levels. Both
MG132 and Lactacystin treatments prevented the reduction of p66Shc protein levels seen

in HO-1 siRNA transfected cells. Interestingly, there were higher HO-1 protein levels upon
Lactacystin treatment, indicating this is the main pathway of HO-1 degradation (Fig. S3C).
Thus, these data demonstrate that the knockdown of HO-1 promotes p66Shc degradation and
reduces the amount of p66Shc protein localized to the mitochondria.
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Reduced HO-1 Protein Increases Cellular Oxidative Environment and Increases SOD1

Activity

To investigate the effect of HO-1 expression on oxidative stress, we semi-quantified cellular
ROS and H,0, levels. Figure 5A (Left panel) showed that by DCF-DA analyses, upon
knockdown of HO-1 by siRNA in LNCaP-Al cells, total cellular ROS was significantly
increased by about 25% compared to control siRNA-transfected cells. Further, there was
about 30% higher basal levels of ROS in p66Shc subclones compared to V1 cells (Right
panel, Fig. 5A). Upon knockdown HO-1 by siRNA, total ROS in V1 cells was increased

by about 30%, while p66Shc subclones had an over 70% increase in ROS (Fig. 5A, Right
panel). Analyses of cellular H,O, levels via Peroxy Orange-1 (PO-1) staining showed

that there is about 160% increase in PO-1 staining in HO-1 siRNA-transfected LNCaP-Al
cells compared to cells transfected with control siRNA (Fig. 5B). Significantly, p66Shc
subclones had about twice as much PO-1 staining at basal levels compared to V1 cells. Upon
HO-1 siRNA transfection, while there was no quantifiable change in PO-1 staining in V1
cells, there was an increase by over 50% in p66Shc subclones upon knockdown of HO-1
compared to its own control cells (Fig. 5B).

To investigate if there is a compensatory effect on other antioxidant protein in HO-1-
knockdown cells, we analyzed antioxidant proteins Nrf2, SOD1, SOD2 and catalase via
Western blotting. Upon HO-1 siRNA transfection, SOD1 protein levels, but not SOD2
protein, were elevated in LNCaP-Al and p66Shc subclone cells (Fig. 6). Similarly, in HO-1
knockdown cells, SOD1 activity was increased but not SOD2 activity (Fig. 6). Interestingly,
catalase protein level was increased in HO-1 siRNA-transfected V1 and p66Shc subclone
cells, but not in LNCaP-Al cells (Fig. 6). Upon knockdown of HO-1, there is a reduction

in Nrf2 protein levels (Fig. 6) as well as Nrf2 localization to the nucleus (Fig. S1). Thus,

in HO-1 knockdown cells, while antioxidant SOD1 activity is activated (Fig. 6), cellular
ROS levels still increased (Fig. 5), indicating the critical importance of HO-1 as the key
antioxidant protein in p66Shc-elevated PCa cells.

HO-1 Protects Al PCa Cells from Oxidative Damage and Cell Death

Increased cellular ROS levels can oxidize vital molecules within the cell [Ma 2018];
therefore, we analyzed nucleotide and protein oxidation levels upon knockdown of HO-1.
Figure 7A showed that LNCaP-Al cells experienced an increased nucleotide oxidation about
190% increase in 80OHG by an anti-80HG antibody upon transfection of HO-1 siRNA.
Similarly, p66Shc subclones, but not its V1 control cells, had about 100% increase in
nucleotide oxidation upon HO-1 knockdown (Fig. 7A). A similar pattern was seen upon
detection of oxidized cysteine residues in which HO-1 knockdown resulted in about 70%
increase in staining in LNCaP-Al cells and about 50% increase in p66Shc subclones,
while there was no significant alteration of oxidized cysteine residues in V1 cells (Fig.7B).
Similarly, increased protein carbonylation was also detected upon knockdown of HO-1 in
LNCaP-Al, V1, and p66Shc subclone cells via Western blot analyses (Fig. 7C). Together,
the data demonstrate that HO-1 plays a critical role in protecting Al PCa cells from
excessive nucleotide and protein oxidation by aberrant elevated p66Shc/ROS.
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We analyzed the alteration of cell signaling in survival and growth regulation upon HO-1
knockdown via Western blot analyses. LNCaP-Al, V1, and p66Shc subclone cells were
transfected with Control or HO-1 siRNA in both regular-FBS and SR-cFBS conditions,
and cell lysates were analyzed for proliferative and apoptotic proteins. Figs. 8A and 8B
clearly show that upon HO-1 siRNA transfection, while androgen receptor (AR) protein
level was not consistently altered in cells, there was a dramatic reduction of AR-regulated
cytosolic PSA (cPSA) levels in all transfected cells under both regular-FBS and SR-cFBS
conditions. Cell proliferation markers Cyclin B1 and PCNA as well as Nrf2 were reduced
in HO-1-knockdown cells in both conditions, except PCNA in V1 cells in FBS condition.
Analyses of apoptotic markers revealed that upon transfection with HO-1 siRNA, there
was an increase in pro-apoptotic Bax while its anti-apoptotic partner Bcly, was reduced.
Consistently, apoptotic proteins Cleaved Caspase 3 and Cleaved PARP levels in HO-1
siRNA-transfected cells were increased except that in V1 cells having low p66Shc/ROS
levels (Figs. BA&S8B).

Cell cycle analyses at 48 hours post-transfection of HO-1 siRNA revealed that while there
was no alteration in G1/GO0, S or G2/M phases in LNCaP-Al, V1, or p66Shc subclone cells
transfected with HO-1 siRNA in regular-FBS conditions, there was a significant increase

in G2/M phase and reduction in G1/GO0 phase upon transfection of LNCaP-Al with HO-1
siRNA in SR-cFBS conditions. Importantly, there was a significant increase in apoptotic
cells detected in LNCaP-Al cells and p66Shc subclones upon knockdown of HO-1 (Fig.
8C). Furthermore, staining with early apoptosis detector YO-PRO-1 and late apoptosis stain
propidium idiode (P1) demonstrated that there was an increase in both YO-PRO-1 and Pl
staining upon HO-1 knockdown in both regular-FBS and SR-cFBS conditions, with a greater
increase in SR conditions (Fig. 8D). Together, these data suggest that HO-1 is critical for the
survival of p66Shc-elevated PCa cells, especially in SR-cFBS conditions.

Combination Treatments with HO-1 Inhibitor ZnPPIX

To determine if the utilization of HO-1 competitive inhibitor ZnPP1X could be beneficial

in combination with current PCa therapeutic options, we treated LNCaP-Al and p66Shc
subclones with ZnPPIX in combination with abiraterone acetate (AA), docetaxel or
radiation. Fig. 9A showed that ZnPPIX, AA, and the combination of these inhibitors led

to a 25-30% reduction in cell proliferation. Further, 1 nM docetaxel reduced growth by
about 40% while combination of docetaxel and ZnPPIX reduced growth by about 50%.
Radiation alone reduced growth by about 35%, and the combination of radiation and
ZnPPIX effectively reduced LNCaP-Al proliferation by 80% (Fig. 9A). Upon treatment

of p66Shc subclone cells with ZnPPIX, there was a reduction in proliferation by 40%. 5
Gy radiation reduced proliferation by 20%, while the combination of radiation and ZnPPIX
reduced proliferation in p66Shc subclones by 70% (Fig. 9B). These data demonstrate the
enhanced anti-proliferative effects of the combination of ZnPPIX and radiation in PCa cells.

Discussion

CR PCa is a lethal disease of which patients succumb shortly upon development, thus
understanding the mechanism of PCa progression from the AS to the Al phenotype is crucial
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to developing therapeutic options for this patient population. In this study, we analyzed

the effects of a novel redox protein pair, pro-oxidant p66Shc and antioxidant HO-1, which
enhance PCa progression toward the CR phenotype. We also determined the protective role
of HO-1 in Al PCa cells from excessive ROS production mediated by p66Shc.

We first analyzed the effects of ROS treatment on AS and Al PCa cell lines, including
LNCaP, MDA PCa2b and VCaP cells. Interestingly, there is an increase in cell growth

upon treatment of AS PCa cells with 10 uM H,0,, while Al PCa cells having 2-3-fold
higher basal levels of ROS experienced reduced cell proliferation and cell death with same
concentration of HyO5 (Fig. 1) [11]. Analyses on the redox signaling profile of those PCa
cell lines as well as vector-alone transfected V1 cells compared to p66Shc cDNA-transfected
subclones, demonstrated that p66Shc was increased in all Al PCa cells examined as well

as p66Shc subclones, higher than the corresponding AS cells. Nrf2 and HO-1 were also
consistently upregulated in p66Shc-elevated Al PCa cells and p66Shc subclones, while SOD
protein levels and activities were not significantly altered (Fig. 2). Hence, we propose that
HO-1 is the vital antioxidant counterpart to p66Shc, which is also indicated by observations
in other cell types including hepatic cells and renal cells that the elevation of HO-1 in
response to increased p66Shc can reduce oxidative damage in those cells [42,43]. The
importance of HO-1 in p66Shc-elevated cells is further supported by metabolomic analyses,
which revealed that heme, an inducer of HO-1 protein and activity, was also increased

in LNCaP-Al and MDA PCa2b-Al cells and p66Shc subclones compared to their AS
counterparts, all of which have increased p66Shc protein levels (Fig. 2B).

Upon p66Shc knockdown via transfection with p66Shc shRNA, Nrf2 and HO-1 protein
levels were reduced in LNCaP-Al cells and p66Shc subclones. Transfection of cells with
p66Shc W134F, a redox inactive mutant cDNA, also reduced Nrf2 and HO-1 protein levels.
Biologically, transfection of either p66Shc sShRNA or W134F cDNA reduced PCa cell
proliferation (Fig. 3). We thus propose that while HO-1 and p66Shc are independently
regulated, they are, at least in part, dynamically interconnected with each other via ROS
levels, which leads to maintain an optimal ROS level for the proliferation of Al cells (Fig.
10). For comparison, knockdown of p66Shc in AS PCa cells those exhibit low levels of
p66Shc protein resulted in no significant alteration of biological effects or altered HO-1 or
Nrf2 protein levels (data not shown). Hence, elevated p66Shc via ROS production supports
Al PCa cell proliferation [11-13]. The reduction of HO-1 levels upon p66Shc knockdown or
inactivation by dominant negative mutant (Fig. 3) is a result of the reduction of ROS levels,
which ultimately lead to a reduction in proliferation via ErbB-2 signaling [13].

Interestingly, HO-1 inhibition and knockdown reduces the tumorigenicity of LNCaP-Al
cells and p66Shc subclones, more dramatically in SR conditions (Fig. 4), which suggests
that HO-1 is a vital molecule in the maintenance of CR PCa, particularly those Al PCa cells
driven by elevated p66Shc and/or increased ROS levels. It should also be noted that O,~
and H,0,, often exhibit different effects on cell signaling [44], however, there are similar
alterations in cell growth in Al cells when ROS is elevated via introduction of H,0 (Fig.
1) or the loss of HO-1 protein or activity (Fig. 4), i.e., a reduction of O, scavenging. The
reduction of HO-1 protein levels or inhibition of its activity leads to a reduction in p66Shc
protein as well (Fig. 4, Fig. S3C), thus suggesting its role as a counterbalance of p66Shc to
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prevent aberrant ROS-induced cell death. Furthermore, p66Shc degradation can be at least in
part in response to the increased ROS due to knockdown of HO-1 (Fig. S3C). Interestingly,
in a study by Miyazawa et al., treatment of cells with HO-1 activator hemin increased
p66Shc protein levels [45], further confirming the correlative relationship between these two
proteins. Our results clearly demonstrate the novel dynamic balance of co-elevation between
HO-1 and p66Shc; conversely, knockdown of one molecule results in the reduction the other.

It should be noted that our studies confirmed the critical antioxidant role of HO-1 in Al PCa
cells, as HO-1 knockdown increases cellular ROS levels (Fig. 5). While most antioxidant
proteins had minimal differences in protein and activity levels between AS and Al PCa
cells (Fig 2), there is a potential for one or more of these proteins to be elevated upon loss
of HO-1. It was determined that in attempt to compensate for the loss of vital antioxidant
HO-1, cytoplasmic SOD1 levels and activity were increased, but not other antioxidant
proteins analyzed (Fig. 6). Nevertheless, in those cells, cellular ROS levels still increased,
which was accompanied by a significant increase in cell death (Fig 8) despite the attempt

of SOD1 to compensate for the knockdown of HO-1. The data indicates that HO-1 is

a vital antioxidant system in LNCaP-Al cells and p66Shc subclones. Although SOD1 is
slightly upregulated and p66Shc is reduced upon knockdown of HO-1, these events are

not sufficient to protect cells from nucleotide and protein oxidative damage (Fig. 7) or cell
death, particularly in p66Shc-elevated cells under SR conditions (Fig 8), further validating
the crucial role of HO-1 in p66Shc/ROS-elevated CR PCa survival. Interestingly, inhibition
of HO-1 via ZnPPIX in combination with radiation may be an effective therapeutic option to
treat clinical CR PCa (Fig. 9). Its further study is warranted.

Our results of HO-1 counter-balancing ROS by p66Shc in supporting of Al cell proliferation
are consistent with those reports on the influence of HO-1 on CR PCa growth and metastasis
in vivo xenograft animals. Elevated p66Shc supports Al PCa cell growth and metastasis in
xenograft animals [13]. PC-3 cells express high levels of p66Shc [25] and HO-1 [46]. HO-1
shRNA transfection of PC-3 cells resulted in reduced tumor growth as well as lymph node
and tumor metastasis /77 vivo. Similarly, CR PCa tumor growth and metastasis were also
reduced upon treatment with HO-1 inhibitor OB-24, which had an additive anti-proliferative
effect when combined with paclitaxel [31]. Importantly, ZnPPIX treatment has effective
anti-tumor activity in a variety of cancers [47-50] and daily administration of this molecule
does not demonstrate any apparent side effects in mice [51], thereby providing a potential
therapeutic option for CR PCa.

Our data indicate that elevated HO-1 protein levels protect PCa cells from otherwise
apoptotic conditions induced by aberrant p66Shc/ROS production, and thereby promotes

Al PCa proliferation and migration as well as progression to the CR phenotype. This
working hypothesis is demonstrated in Figure 10. Briefly, p66Shc enhances ROS generation
via interaction with cytochrome ¢ in the mitochondria or via activation of NOXs in the
cytoplasm. Interestingly, increased ROS can also reduce p66Shc protein levels. Upon
increased ROS levels, Nrf2 is activated and promotes transcription of antioxidant enzyme
HO-1 to reduce ROS-induced oxidative stress and/or damage. (i) A substantial, excessive
increase of ROS leads to cytotoxicity and apoptosis of the cell. (ii) However, a moderate
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increase in ROS can promote PCa cell growth and survival via oxidation of growth factor
receptor negative regulators, such as protein tyrosine phosphatases [11,25,52].

This study clearly showed the pro-tumorigenic effects of p66Shc protein on PCa cells
as well as the impacts of HO-1 in preventing aberrantly elevated p66Shc/ROS-mediated
cellular toxicity. Further understanding of the balance between antioxidant HO-1 and
prooxidant protein p66Shc is vital in determining the progression of PCa to the CR
phenotype. Thus, there is the potential of HO-1 and p66Shc as therapeutic targets and/or
biomarkers to be utilized for CR PCa, and thus reduce deaths from this lethal disease.
Further analysis is still needed to elucidate the relationship between HO-1, p66Shc, and
ROS in PCa tumorigenicity for improving therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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H202/NAC Treatments on AS vs Al cells
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Figure 1. Effects of ROS on ASvs. Al PCa Cell Growth
In Trypan Blue Exclusion Assay, PCa cells, including LNCaP-AS (A), MDA PCa2b-AS

(B), VCaP-AS (C), LNCaP-Al (D), MDA PCa2b-Al (E) and VVCaP-Al (F) cells, were each
plated at 2 x 10* cells per well for 72 hours. Cells were treated with 0-20 uM H,0, for
LNCaP-AS cells (A) and 10 uM H,0, for other cells (B-F) plus 10 mM NAC (A-F) for

72 hours before cells were harvested and counted via trypan blue exclusion dye. Results
presented are mean + SE. n=3x3. *p<0.05, **p<0.005, ***p<0.0005.

(G) LNCaP-AS vs (H) LNCaP-Al cells were plated at 5x 10* cells per well in 12-well
plates for 48 hours. Cells were treated with 10 uM H,0, and/or 10 mM NAC 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. n=3. *p<0.05, **p<0.005.
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Redox Proteins and Heme in PCa Cell Progressive Models
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Figure 2. Redox Proteinsand Heme Levelsin LNCaP, MDA PCa2b and VCaP PCa Cell
Progression Models and p66Shc Subclones.

(A) Immunoblot analyses of LNCaP, MDA PCa2b, and VVCaP cell progression models as
well as p66Shc subclones. LNCaP, MDA PCaz2b, VCaP, and p66Shc subclone cells were
plated in T75 flasks at 1.5 x 10°, 4 x 10°, and 4 x 10°, 3 x 10° cells per flask in FBS
medium for 72 hours. Cells were harvested via scrapping and lysed. Total cell lysates were
analyzed by SDS gels for Shc, Catalase, SOD1, SOD2, NFxB, Nrf2, Keap1, p62, and HO-1.
The arrow pointed the position of p66Shc, and p66Shc in VVCaP cells was shown upon
prolonged exposure. 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. To semi-quantify the ratio, the intensities of bands in autoradiograms were analyzed by
Image-J program and then normalized to B-actin.

For the SOD Activity Assay, upon harvesting via scrapping, cells were lysed in SDS-free
lysis buffer. Cells were then run on a 10% native gel before being subjected to NBT for

20 minutes at room temperature in the dark, then incubated on a light box with riboflavin-5-
phosphate for 20 minutes. Gels were washed until the background turned purple in color.
n=3.
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(B) The heme levels of LNCaP-AS vs. -Al cells plus p66Shc subclones and MDAPCa2b-AS
vs. -Al cells were sent for metabolomic analyses by Metabolon Inc., Durham, NC. Results
shown are the mean + ranges of 5 samples of each cell line. N=5x1. *p<0.05, **p<0.005
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p66Shc reduction or redox-inactive mutant reduces HO-1 protein and PCa proliferation
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Figure 3. Decreased p66Shc Protein or Activity Reduces HO-1 Protein and PCa Cell Growth.
LNCaP-Al, V1, and p66Shc subclones were plated at 1.5 x 10° cells per 100mm petri dish in

regular medium containing FBS for 72 hours before being transfected with 0-6 pg of p66Shc
shRNA (A-D) or W134F redox-inactive p66Shc cDNA (E-H). Control cells were transfected
with vector alone plasmid.

(A, C, E, G) 72 hours post-transfection, cells were harvested via scrapping and lysed.

Total cell lysates were analyzed for Shc, Nrf2, and HO-1. B-Actin protein level was used

as a loading control. Myc-Tag was also analyzed for W134F cDNA transfection. The data
shown is a representative of three sets of independent experiments, and similar results were
obtained. n=3.

(B, D, F, H) p66Shc shRNA-transfected or W134F cDNA-transfected LNCaP-Al, V1, and
p66Shc subclone cells were plated at 2 x 10% cells per 6-well plate in FBS medium for 72
hours. Cells were then harvested via trypsin, and cell number was measured using trypan
blue exclusion dye. Results presented are mean + SE. n=3x3. *p<0.05, **p<0.005.
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Reduced HO-1 concurrently decreases p66Shc and cell growth
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Figure 4. Knockdown of HO-1 Reduces p66Shc and PCa Cell Proliferation.
LNCaP-Al (A) and p66Shc subclones (B and C) cells were plated in FBS medium for 24

hours, then transfected with Control or HO-1 siRNA. Cells were allowed to grow for 72
hours in FBS or SR medium and then harvested via trypsinization. Cell number was counted
using trypan blue exclusion dye. Cells were then lysed, and total cell lysates were analyzed
for Shc and HO-1. B-Actin protein level was used as a loading control. Results presented are
mean + SE. n=3x3. *p<0.05, **p<0.005.
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Knockdown of HO-1 Increases Cellular ROS Levels
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Figure 5. Knockdown of HO-1 Increasesthe Cellular Oxidative Environment in Al PCa Célls.
(A) LNCaP-Al, V1 and p66Shc subclone cells were plated in FBS medium for 24 hours,

then transfected with Control or HO-1 siRNA. Cells were allowed to grow for 72 hours in
FBS medium and then harvested via trypsinization. Cells were stained with 20 UM DCF-DA
for 30 minutes in the dark and subjected to flow cytometry analysis. The data shown is a
representative of three sets of independent experiments, and similar results were obtained.
n=3. *p<0.05.

(B) LNCaP-Al, V1 and p66Shc subclone cells were plated at 5x 10 cells per well in 12-well
plates for 24 hours. Cells were then transfected with Control or HO-1 siRNA for 48 hours.
Cellular peroxide levels were detected upon incubation of the cells with Peroxy Orange-1
(PO-1) for 1 hour. DAPI was utilized to stain the nucleus. Fluorescence was visualized via
confocal microscopy. 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. n=3. *p<0.05, **p<0.005, ***p<0.0005.
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SOD1 Increases Upon Loss of HO-1 in Al cells
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Figure 6. SOD1 activitiesin HO-1-knockdown Al PCa Cells.
Altered redox proteins in LNCaP-Al and p66Shc subclones transfected with Control or

HO-1 siRNA were analyzed by immunoblotting. LNCaP-Al and p66Shc subclones cells
were plated in T75 flasks at 1.5 x 10° cells per flask in FBS medium for 72 hours then
transfected with Control or HO-1 siRNA. Cells were allowed to grow for 72 hours in regular
medium containing FBS, then harvested via scrapping and lysed. Total cell lysates were
analyzed for Catalase, SOD1, SOD2, NFxB, Nrf2, and HO-1. 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.

To analyze the SOD activity, the cell pellets were lysed in SDS-free lysis buffer. Cell lysates
were run on a 10% native gel before being subjected to NBT for 20 minutes at room
temperature in the dark, then incubated on a light box with riboflavin-5-phosphate for 20
minutes. Gels were washed until the background turned purple in color. n=3.

To semi-quantify the ratio, the intensities of bands in autoradiograms were analyzed by
Image-J program and then normalized to B-actin. *p<0.05.
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Reduced HO-1 correlates with increased ROS and oxidized markers.
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Figure 7. Increased Nucleotide and Protein Oxidation in HO-1-knockdown Al PCa Cells.
(A& B) For immunocytochemical analyses on oxidized nucleotides and proteins in HO-1

knockdown cells, LNCaP-Al, V1, and p66Shc subclone cells were plated at 5x 10% cells

per well in 12-well plates for 24 hours. Cells were then transfected with Control or HO-1
SiRNA for 48 hours. Cells were stained with anti-80HG (A) and anti-Oxidized cysteine

(B) residue primary Abs for 1 hour before staining with a fluorescent-conjugated secondary
Ab. DAPI was utilized to stain the nucleus. Fluorescence was visualized via confocal
microscopy. 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.
n=3. *p<0.05, **p<0.005, ***p<0.0005.

(C) Immunoblot analysis of oxidized proteins in HO-1 knockdown cells, experimental cells
and control cells were harvested via scrapping and lysed. Total cell lysates were analyzed for
carbonylated proteins. 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. To semi-quantify the ratio, the intensities of the major bands in autoradiograms were
analyzed by Image-J program and then normalized to p-actin.
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HO-1 KD with decreased cell growth and increases apoptosis
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Figure 8. HO-1 Knockdown Correlates with Increased Cell Death Biomarkersin Al PCa Cells
under FBS and SR Conditions.

Immunoblot analyses of LNCaP-Al (A) and p66Shc subclones (B) transfected with Control
or HO-1 siRNA. LNCaP-Al and p66Shc subclones cells were plated in T75 flasks at

1.5 x 10° cells per flask in FBS medium for 72 hours then transfected with Control or
HO-1 siRNA. Cells were allowed to grow for 72 hours in FBS or SR medium, and then
harvested via scrapping and lysed. Total cell lysates were analyzed for Shc, AR, cPSA,
Cyclin B1, PCNA, Nrf2, HO-1, BAX, BclXL, Caspase 3, and PARP proteins. 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. To semi-quantify
the ratio, the intensities of the bands in autoradiograms were analyzed by Image-J program
and then normalized to p-actin. The data shown is the mean of results from three sets of
independent experiments. n=3. *p<0.05.

(C) Cell Cycle Analyses of LNCaP-Al and p66Shc subclones transfected with Control or
HO-1 siRNA. LNCaP-Al and p66Shc subclones cells were plated in T75 flasks at 1.5 x
10° cells per flask in FBS medium for 72 hours then transfected with Control or HO-1
siRNA. Cells were allowed to grow for 72 hours in FBS or SR medium and then harvested
via trypsinization. Cells were fixed with 70% ethanol for 30 minutes, then washed twice
with PBS. Cells were stained with Telford reagent for 2 hours, and then cell cycle was
analyzed via flow cytometry. The data shown is a representative of three sets of independent
experiments, and similar results were obtained. n=3. *p<0.05.
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(D) LNCaP-Al cells were plated at 5x 10 cells per well in 12-well plates for 24 hours.
Cells were then transfected with Control or HO-1 siRNA for 48 hours. Cells were stained
with YO-PRO-1 and PI stains for 30 minutes. DAPI was utilized to stain the nucleus.
Fluorescence was visualized via confocal microscopy. 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. n=3. **p<0.005, ***p<0.0005.
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Effect of HO-1 inhibitor (ZnPPIX) in Combination Treatment
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Figure 9. Effect of HO-1 Inhibition on Combination with Standard Treatmentsfor CR PCa.
LNCaP-Al (A), V1 and p66Shc subclones (B) were plated at 1.5 x 10° cells per flask in

FBS medium for 72 hours before experiments. Post-transfection, cells were treated with 2
UM of ZnPPIX, radiation (5 Gy), Docetaxel (1 nM), or Abiraterone acetate (5 uM) for 72
hours. Cells were then harvested via trypsinization, and cell number was measured using

trypan blue exclusion dye. Results presented are mean £ SE. n=3x3. *p<0.05, **p<0.005,
***p<0.0005.

Free Radic Biol Med. Author manuscript; available in PMC 2023 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Miller et al.

p66Shc

D ROS

(s
4

s

Figure 10. Scheme of Working Hypothesis.

(i) Substantial
Increase
—_—

Page 32

Cytotoxicity and
Cell Death

|

Nucleotide and
Protein Oxidation

(ii) Moderate
Increase

Growth
Factor
Receptors

|

PCa Growth and
Survival

Pro-oxidant protein p66Shc enhances ROS generation via interaction with cytochrome ¢

in the mitochondria or via activation of NADPH oxidase in the cytoplasm. Interestingly,
increased ROS can also reduce p66Shc protein levels. Upon increased ROS levels, Nrf2 is
activated and promotes transcription of antioxidant enzyme HO-1 to reduce ROS-induced
oxidative stress and/or damage. (i) A substantial, excessive increase of ROS leads to
cytotoxicity and apoptosis of the cell. (ii) However, a moderate increase in ROS can promote
PCa cell growth and survival via oxidation of negative growth regulators, such as protein

tyrosine phosphatases.
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