1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATIG,

O

Published in final edited form as:
Prostate. 2015 March ; 75(4): 360-369. doi:10.1002/pros.22922.

The Cytotoxic and Pro-Apoptotic Activities of the Novel
Fluoropyrimidine F10 Towards Prostate Cancer Cells are
Enhanced by Zn2+-Chelation and Inhibiting the Serine Protease
Omi/HtrA2

William H. Gmeinerl2* Olcay Boyacioglul, Christopher H. Stuartl3, Jamie Jennings-Geel,
and K.C. Balaji*
1Department of Cancer Biology, Wake Forest School of Medicine, Winston-Salem, NC 27157

2Comprehensive Cancer Center, Wake Forest School of Medicine, Winston-Salem, NC 27157

3Program in Molecular Medicine and Translational Science, Wake Forest School of Medicine,
Winston-Salem, NC 27157

“Department of Urology, Wake Forest School of Medicine, Winston-Salem, NC 27157

Abstract

BACKGROUND—Intracellular Zn2* levels decrease during prostate cancer progression and
agents that modulate intracellular Zn2* are cytotoxic to prostate cancer cells by an incompletely
described mechanism. F10 is a new polymeric fluoropyrimidine drug-candidate that displays
strong activity with minimal systemic toxicity in pre-clinical models of prostate cancer and other
malignancies. The effects of exogenous Zn?* or Zn2* chelation for enhancing F10 cytotoxicity are
investigated as is the role of Omi/HtrA2, a serine protease that promotes apoptosis in response to
cellular stress.

METHODS—To test the hypothesis that the pro-apoptotic effects of F10 could be enhanced by
modulating intracellular Zn2* we investigated cell-permeable and cell-impermeable Zn2* chelators
and exogenous Zn%* and evaluated cell viability and apoptosis in cellular models of castration-
resistant prostate cancer (CRPC; PC3, C4-2). The role of Omi/HtrA2 for modulating apoptosis
was evaluated by pharmacological inhibition and Western blotting.

RESULTS—Exogenous Zn?* initially reduced prostate cancer cell viability but these effects were
transitory and were ineffective at enhancing F10 cytotoxicity. The cell-permeable Zn%*-chelator
tetrakis-(2-pyridylmethl)ethylenediamine (TPEN) induced apoptosis in prostate cancer cells and
enhanced the pro-apoptotic effects of F10. The pro-apoptotic effects of Zn2*-chelation in
combination with F10 treatment were enhanced by inhibiting Omi/HtrA2 implicating this serine
protease as a novel target for prostate cancer treatment.
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Disclosure Statement: WG is President of Salzburg Therapeutics which holds licenses for F10 and its use for cancer treatment. Other
authors have no disclosures.
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CONCLUSIONS—Zn?*-chelation enhances the pro-apoptotic effects of F10 and may be useful
for enhancing the effectiveness of F10 for treatment of advanced prostate cancer. The serine
protease Omi/HtrA2 modulates Zn2*-dependent apoptosis in prostate cancer cells and represents a
new target for treatment of CRPC.

Keywords
Zn2*; castration-resistant prostate cancer; F10; fluoropyrimidine; Omi/HtrA2

INTRODUCTION

The relationship between Zn2* and prostate cancer incidence, response to chemotherapy,
and recurrence is complex. In general, prostate cancer cells have low intracellular Zn2*
levels [1]. Further, increased dietary Zn2* is associated with prostate cancer survival [2]
although chronic zinc oversupply may enhance risk of prostate cancer [3]. Either low or high
dietary zinc increased tumor burden in the transgenic adenocarcinoma of the mouse prostate
(TRAMP) model of prostate cancer [4]. Low levels of Zn2* and Fe2* correlated with disease
recurrence in prostate cancer patients [5]. The importance of Zn2* levels for prostate cancer
progression has resulted in development of imaging modalities to sense Zn2* levels [6] as
well as therapeutic approaches to modulate Zn2* to enhance chemotherapy. The sensitivity
of prostate cancer cells to both exogenous Zn2* [7, 8] and Zn2* chelation [9] suggests Zn?*
levels are tightly regulated and not simply minimized in prostate cancer cells.

The apparently complex relationship between Zn?* levels and prostate cancer incidence and
recurrence has resulted in studies to modulate intracellular levels of Zn2* for therapeutic
benefit. Zn2* is transported into cells by the SLC39 (Zip-family) members and is transported
out of cells by SLC30 (zZnT) zinc transporters [10]. Decreased expression of Zip-family
members is characteristic of prostate cancer and as a consequence treatment of PCa cells
with Zn?* salts (e.g. ZnSOy4) may have minimal effect on intracellular Zn?* necessitating
Zn2*-delivery with a cell-permeable chelate, such as pyrithione (ZnPy). Several studies
have, however, reported that Zn?* salts can be cytotoxic to prostate cancer cells. For
example, zinc acetate was cytotoxic to PC3, LNCaP, and DU145 cells and direct
intratumoral injection decreased tumor growth [7]. Other studies however, report that while
zinc salts are readily taken up and retained by myeloid progenitor cells and protect these
cells from the pro-apoptotic effects of docetaxel chemotherapy similar treatment does not
result in increased Zn2* levels in prostate cancer cells or protect these cells from docetaxel-
induced apoptosis [11]. In contrast to Zn?* salts, treatment with ZnPy increased Zn2* levels
in prostate cancer cells and was cytotoxic to DU145, PC3, and LNCaP cells [8] and
enhanced paclitaxel- and TNFa-mediated apoptosis in PC3 cells [12]. Thus, the effects of
Zn2* on prostate cancer cells depends on the cell permeability of administered Zn2* as well
as on the chemotherapy agent co-administered.

The present studies focus on modulating intracellular Zn2* in prostate cancer cells to
enhance the effectiveness of chemotherapy with F10, a novel polymeric fluoropyrimidine
that has shown promising activity in pre-clinical models of highly lethal malignancies
including acute myeloid leukemia (AML) [13, 14], glioblastoma (GBM) [15], and advanced
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prostate cancer [16]. Our laboratory became interested in the potential of F10 for improved
treatment of prostate cancer based upon results from the NCI 60 cell line screen indicating
that cellular models of castration-resistant prostate cancer (CRPC; e.g. PC3, DU145) were
highly sensitive to F10 with Glgg values in the nanomolar range [17]. F10 displays large
advantages relative to current chemotherapy and PC3 cells were more than 600-fold more
sensitive to F10 relative to the conventional fluoropyrimidine drug 5-fluorouracil (5FU).
These results suggest that F10 might be useful for treating CRPC despite clinical studies
with 5FU and capecitabine demonstrating these drugs lack efficacy for prostate cancer
treatment [18—-20]. We report herein investigations of treatment effects in cellular models of
CRPC (C4-2 and PC3) with exogenous Zn?* as well as with Zn?*-chelators both as single
agents and in combination with F10. The cell permeable Zn2* chelator tetrakis-(2-
pyridylmethl)ethylenediamine (TPEN) displays strong single agent activity and enhanced
the pro-apoptotic effects of F10 towards PC3 and C4-2 cells, demonstrating the potential for
Zn2*-chelation to be used to enhance F10 efficacy for CRPC treatment.

The molecular targets affected by Zn2*-treatment in prostate cancer and other cells have
been partly elucidated and include mediators of apoptosis such as caspase 3 and the caspase
3 substrate X-linked inhibitor of apoptosis (XIAP). Zn2* inhibits the activity of caspase 3
[21] and cell-permeable Zn2* chelators including TPEN [22] and PAC-1 [23] induce
apoptosis through increased caspase 3 activation. Zinc depletion also was reported to induce
XIAP cleavage prior to initiation of apoptosis in prostate cancer cells in a caspase-
independent as well as proteasome-independent manner [24]. The Zn2*-dependent cleavage
of XIAP was selective and neither clAP1 nor clAP2 were similarly affected by Zn2*
chelation. Zn?*-dependent XIAP cleavage was inhibited by Pefabloc implicating a serine
protease for mediating XIAP-specific cleavage [11]. A potential candidate Ser protease for
Zn2?*-dependent XIAP degradation is Omi/HtrA2. Omi/HtrA2 undergoes auto-catalysis to
release a form that has homology to Smac/DIABLO [25]. This cleaved product has pro-
apoptotic properties resulting from sequestering XIAP, and thus indirectly activates caspase
3 [26]. Omi/HtrA2 is located in the mitochondria, however upon pro-apoptotic stimulation
processed Omi/HtrA2 translocates into the cytosol and binds XIAP. Although Omi/HtrA2 is
known to be important for promoting apoptosis in response to cellular stress [27], it has not
been previously reported to contribute to apoptosis in PCa cells. We report that Omi/HtrA2
inhibition has single agent activity and induces apoptosis in prostate cancer cells. Our
studies also show that inhibiting Omi/HtrA2 enhances F10-induced cytotoxicity and
apoptosis towards CRPC cells. Both of these properties of Omi/HtrA2 are Zn2*-dependent.
These studies demonstrate Omi/HtrA2 is a novel target for prostate cancer treatment.

Materials and Methods

Cell Maintenance

C4-2 cells were a gift from Dr. Elizabeth M. Wilson (UNC, Chapel Hill, NC). PC3 cells
were purchased from cell and viral vector core laboratory at Wake Forest School of
Medicine. All cells were maintained with RPMI 1640 (Gibco, Grand island, NY) with 10%
fetal bovine serum (Gemini Bio-Products, West Sacramento, CA). All cells were incubated
at 5% CO, at 37 °C.
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Cell-Viability and Apoptosis Assays

Intracellular

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless indicated
otherwise. F10 was synthesized as described previously [28]. PC3 and C4-2 cells were
seeded at a density of 3,000 cells/well in 96-well plates and were treated the following day
with the indicated agents for 24-72 h. Live cell counts were measured indirectly by
measuring the ATP amounts using CellTiter-Glo® luminescent cell viability assay
(Promega, Madison, WI) according to the manufacturer’s protocol and expressed as percent
of control. Caspase 3/7, 8, and 9 activity and cell viability assays were performed using
Promega Caspase-Glo Assay reagents for caspase activity.

Zinc Measurements

PC3 and C4-2 cells were cultured as described for cell viability and apoptosis assays and
four days later the media was removed and cells were incubated under minimal light for 30
min at 37 °C with 1 uM of FluoZin™-3 AM (Molecular Probes, Eugene, OR) or Zinquin in
phosphate-free, HEPES-buffered Hanks’ balanced salt solution (HHBSS). After 30 min, the
buffer with FluoZin-3 AM was discarded and the cells were incubated with ZnPy in HHBSS
for 1 h at 37 °C followed by two washes with HHBSS. Fluorescence emitted by the
Fluozin-3 AM that bound Zn?* and trapped inside the cells was measured using a Tecan
Genius luminescence plate reader with excitation/emission wavelengths of 485/520 nm.
Fluorescence was visualized using a Zeiss LSM 510 Confocal Microscope (Carl Zeiss,
Oberkochen, Germany).

Statistical Analysis

RESULTS

Assay values were expressed as mean +/— standard error and comparisons between mean
values were made using Student’s t-test for paired samples with p < 0.05 (two-tailed)
considered significant.

Cytotoxicity of Exogenous Zn2* and Zn2*-Chelation

The effects of exogenous Zn?* or of Zn%*-chelation on the viability of prostate cancer cells
were investigated using PC3 and C4-2 cells treated with either zinc sulfate or with the cell-
permeable ZnZ* chelator pyrithione as the sodium complex in the presence or absence of
ZnSO,. Alternatively, prostate cancer cells were treated with the cell-impermeable Zn?*-
chelator diethylenetriaminepentaacetate (DTPA) to decrease Zn?* concentrations in culture
media and to indirectly decrease intracellular Zn2*. The results revealed a marked time-
dependence to the effects of both exogenous Zn?* and its chelation on prostate cancer cell
viability (Figure 1). Treatment with zinc sulfate initially decreased cell viability, particularly
for C4-2 cells, however 72 h of continuous treatment with elevated exogenous Zn2* resulted
in no significant change to the viability of PC3 cells and only a moderate (~20%) decrease
in the viability of C4-2 cells consistent with cellular adaptation to increased Zn2* in culture
medium. The effects of zinc salts on cell viability were independent of the counterion with
zinc chloride as effective as zinc sulfate consistent with a Zn?*-specific effect.
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Pyrithione is a pyridine N-oxide that forms a 2:1 complex with Zn2* that is cell-permeable
and widely used for studies evaluating the effects of increased intracellular Zn%* on cell
function independent of cell transport. Our studies showed that sodium pyrithione (NaPy) is
cytotoxic to both C4-2 and PC3 cells in a time-dependent manner consistent with pyrithione
facilitating uptake of Zn?* from the culture media. Sodium pyrithione cytotoxicity is
enhanced when combined with an excess of exogenous Zn2* — conditions that favor ZnPy
formation and enhance cell-uptake of Zn2* independent of Zn%*-transporter function (Figure
1). The combination of pyrithione and Zn2* showed only slightly reduced effects at later
timepoints compared to Zn2*-only treatment, consistent with prostate cancer cells adapting
less readily to increased intracellular Zn2* that is internalized independent of facilitated
uptake and likely by decreasing Zn%*-influx rather than increasing Zn%*-efflux.

While exogenous Zn2* decreased prostate cancer cell viability, ZnZ*-chelation with the cell-
impermeable Zn2*-chelator DTPA also decreased viability consistent with cellular
homeostasis requiring tight regulation of intracellular Zn?* dependent on the concentration
of free Zn?* in culture medium. The reduction in prostate cancer cell viability due to
chelating Zn2* in culture medium is slower than effects resulting from exogenous Zn2*
treatment with significant reduction in viability at 72 h but not at 24 h of treatment (Figure
1). The cytotoxic effects of DTPA were completely reversed by co-treatment with zinc
sulfate consistent with DTPA cytotoxicity solely resulting from Zn2* chelation, although
DTPA may chelate other metal ions. The combination of sodium pyrithione and DTPA was
less effective than either single agent and this was partly reversed by addition of exogenous
Zn2* consistent with pyrithione cytotoxicity being mediated by Zn2* transport.

Cell Imaging of Intracellular Zn2*

The cytotoxic effects of exogenous Zn?* were investigated using the cell-permeable Zn?*-
sensitive fluorescent dyes Zinquin and FluoZin-3 (Figure 2). Treatment of both PC3 and
C4-2 cells with ZnPy resulted in concentration-dependent increases in fluorescence in cells
pre-treated with FluoZin consistent with intracellular transport of Zn2* being responsible for
the cytotoxicity of ZnPy. The sub-cellular distribution of fluorescence resulting from
FluoZin and Zinquin treatment was distinct although both fluorophores displayed strong
concentration-dependent fluorescence that was responsive to ZnPy treatment consistent with
the observed fluorescence being due to Zn?* uptake into prostate cancer cells. Zinquin
fluorescence was punctate consistent with sequestration into endosomes, lysososmes, or
other organelles [29] while FluoZin fluorescence was diffuse consistent with predominantly
cytoplasmic distribution. While the origin of Zn2*-dependent fluorescence by Zinquin and
FluoZin remains under investigation and apparently involves interaction of the fluorphores
with Zn2*-binding proteins rather than with an aqueous free-Zn2* pool in cells [30], the
results are consistent with ZnPy cytotoxicity being mediated through increased intra-cellular
Zn2* levels.

ZnPy Affects Chemotherapy Response

To determine to what extent ZnPy treatment affected the cytotoxic effects of chemotherapy
drugs we investigated co-treatment of ZnPy with F10, a novel polymer of 5-fluoro-2’-
deoxyuridine-5-O-monophosphate, the active metabolite of fluoropyrimidine chemotherapy
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that displays strong anti-cancer activity and minimal systemic toxicity in pre-clinical models
of AML [13, 14], GBM [15], and advanced prostate cancer [16]. F10 reduced the viability of
both PC3 and C4-2 cells with ICsq values in the nanomolar range (Figure 3 — see data at 0
ZnPy). PC3 cells were markedly more sensitive to the effects of ZnPy relative to C4-2 cells
although the 1Cgq for ZnPy in both cell lines exceeded 100 nM. Further, at concentrations of
ZnPy that induced at least 50% reduction in viability for either cell line the effects of ZnPy
treatment were independent of F10 concentration consistent with higher concentrations of
ZnPy interfering with F10 cytotoxicity. Interestingly, while either F10 or ZnPy reduced the
viability of prostate cancer cells, only F10 induced apoptosis. In fact, at higher
concentrations ZnPy inhibited F10-induced apoptosis, but not viability. The results
demonstrate that therapies to increase Zn?* in PCa cells do not enhance and may actually
diminish the cytotoxic effects of chemotherapy and modulate apoptosis.

Zinc Chelation is Cytotoxic and Enhances F10-induced Apoptosis

In contrast to DTPA that is cell-impermeable and modulates Zn?* levels in media, the Zn%*
chelator TPEN is readily internalized by prostate cancer cells. Our studies demonstrated that
6 h treatment with TPEN reduced the viability of prostate cancer cells (Figure 4) The effects
of TPEN were more rapid than occurred with DTPA which had minimal effect with 6 h
treatment, while cell-permeable pyrithione also displayed rapid effects. TPEN treatment also
significantly reduced FluoZin fluorescence in C4-2 cells, consistent with TPEN-mediated
effects on cell viability being Zn2*-dependent (Figure 4). Further, the effects of TPEN
treatment on cell viability were completely reversed by co-treatment with zinc sulfate
(Figure 4). Co-treatment of PC3 and C4-2 cells with TPEN during the final six hours of a 48
h treatment with 10 nM F10, conditions that result in ~15% decreased viability in the
absence of TPEN, resulted in a significant further reduction in cell viability and increased
apoptosis (Figure 5) and the effects of TPEN were negated by co-treatment with Zn2*.
Treatment of C4-2 cells with F10 + TPEN did not, however, result in increased levels of
either p21 or Bax relative to treatment with F10-only (Figure 6) suggesting that the
apoptosis-enhancing properties of TPEN are mediated via pathways distinct from
transcriptional upregulation of pro-apoptotic proteins that are induced by chemotherapy
alone.

We then sought to determine if the pro-apoptotic effects of Zn2*-chelation with TPEN might
be mediated by the serine protease Omi/HtrA2. Omi/HtrA2 undergoes autocatalysis to
release a product that has homology to Smac/DIABLO and which has pro-apoptotic
properties resulting from sequestering the anti-apoptotic protein XIAP [25, 31]. As the pro-
apoptotic effects of Zn2*-chelation treatment have been reported to be mediated via caspase
3 activation and inhibited by XIAP [23] Omi/HtrA2 activation may be expected to enhance
the apoptotic effects of ZnZ*-chelation by sequestering XIAP. Changes in Omi/HtrA2
expression were evaluated by Western blot and the effects of Omi/HtrA2 inhibition for
mitigating the apoptosis-stimulating effects of Zn?*-chelation in F10-treated cells were
evaluated using the inhibitor UCF-101 (Santa Cruz Biotechnology). Western blot revealed
no change in the expression of Omi/HtrA2 under any of the conditions examined (Figure 6).
Surprisingly, however, inhibiting Omi/HtrA2 enhanced the cytotoxic and pro-apoptotic
effects of F10 and further enhanced the pro-apoptotic effects of Zn2*-chelation (Figure 5).

Prostate. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gmeiner et al. Page 7

These results reveal an anti-apoptotic role for Omi/HtrA2 in F10-treated cells and identify
Omi/HtrA2 as a putative therapeutic target for treatment of prostate cancer.

DISCUSSION

Over the last decade six novel agents have been approved four use in patients in with CRPC
based on improvement in overall survival from large randomized studies. However, the
improvement in survival has been modest at about 4 months in all the trials. Therefore, there
remains a clear and imminent need for drugs that produce more effective and prolonged
response in this incurable disease state. Pre-clinical studies with the fluoropyrimidine
polymer F10 have demonstrated this novel drug-candidate displays excellent anti-cancer
activity in pre-clinical animal models of acute myeloid leukemia (AML) [13, 14],
glioblastoma [15], and advanced prostate cancer [16], highly lethal malignancies for which
new treatment options are urgently needed. Data from the NCI 60 cell line screen as well as
from our laboratory have demonstrated that F10 is highly cytotoxic to prostate cancer cells
[17] with the present studies demonstrating F10 is cytotoxic to C4-2 and PC3 cells at
nanomolar levels. The present studies have demonstrated that the cytotoxic effects of F10
towards prostate cancer cells can be enhanced by modulating intracellular Zn%* levels
providing the basis for developing new therapeutic modalities that simultaneously deliver
F10 and modulate Zn2* for therapeutic benefit.

Zn2+ chelation presents a unique opportunity in patients with prostatic diseases as Zn2*
concentrations are higher in prostate than in other organs. Moreover, there is substantial data
in the published lieterature that dietary, serum, or tissue Zn2* concentrations affect prostate
cancer incidence and outcomes. The progression of prostate cancer is paralleled by
sequentially decreased levels of intracellular Zn2* consistent with low levels of ZnZ* in
prostate cancer cells presenting a survival advantage [32]. Consistent with this
interpretation, prostate cancer cells in culture as well as in human malignant tissue express
decreased levels of zinc transporters and increased levels of Zn2* efflux pumps [10].
Further, administering exogenous Zn2* has been found to decrease prostate cancer cell
viability [7, 8] and studies from our laboratory demonstrate that strategies to deliver Zn*
enhance the cytotoxicity of chemotherapy under some conditions [33, 34]. The present
studies demonstrate that treatment of prostate cancer cells with Zn2*-salts initially decreases
cell viability, however these effects are transitory and cells recover full viability within 72 h.
The cell-permeable ionophore pyrithione reduces prostate cancer cell viability as the sodium
complex and these effects are enhanced for the Zn2* complex (ZnPy). As with cell-
impermeable Zn2*-salts, the effects of Zn2*-Py are decreased at longer treatment times
consistent with cellular adaptation to increased Zn?*. Further, ZnPy is effective at enhancing
the cytotoxicity of F10 only at low concentrations with higher concentration of ZnPy that
have substantial single-agent effects inhibiting F10 cytotoxicity. The mechanism by which
Zn2* levels modulate chemotherapy effectiveness require further investigation.

Although prostate cancer cells maintain Zn?* levels at very low levels relative to normal
prostate, further reduction in intracellular Zn2* through Zn2* chelation results in apoptosis.
These observations are consistent with low levels of Zn?* being important for maintaining a
pro-survival balance in prostate cancer cells. Our studies show that both cell-impermeable
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(e.g. DTPA) and cell-permeable (e.g. TPEN) Zn2*-chelators each reduce the viability of
prostate cancer cells. The effects of DTPA are considerably slower than TPEN
demonstrating that cell-permeable Zn%*-chelation has potential for rapid induction of
apoptosis in prostate cancer cells. Further, co-treatment with TPEN significantly enhances
F10 cytotoxicity to prostate cancer cells demonstrating the potential for cell-permeable Zn2*
chelation to enhance chemotherapy. The mechanism by which Zn2*-chelation enhances
F10-induced apoptosis is not known, however Zn?* has been shown to form a specific
complex with Cys-285 in caspase 3 that inhibits apoptosis [21]. F10-induced apoptosis may
be attenuated through Zn2*-complexation of caspase 3 with Zn*-chelation overcoming this
attenuation.

The mechanism by which ZnZ*-chelation tips the survival/apoptosis balance to apoptosis in
prostate cancer cells is not known. Previous studies demonstrated TPEN treatment resulted
in selective depletion of the X-linked inhibitor of apoptosis (XIAP) and this degradation was
prevented by the serine protease inhibitor Pefabloc [9]. The present studies investigated a
potential role for the serine protease Omi/HtrA2 in the Zn?*-dependent degradation of
XIAP. Omi/HtrA2 undergoes auto-catalysis to release a form that has homology to Smac/
DIABLO and that has pro-apoptotic properties resulting from sequestering XIAP [31]. Omi/
HtrA2 has also been shown to promote apoptosis in response to cellular stress [27].
Surprisingly, our results implicate an anti-apoptotic role for Omi/HtrA2 with
pharmacological inhibition markedly enhancing F10- and F10/TPEN-induced apoptosis
(Figure 5). These results identify Omi/HtrA2 as a novel target for prostate cancer treatment
with inhibitors of Omi/HtrA2 may have single agent activity as well as enhance the pro-
apoptotic activities of chemotherapy towards prostate cancer cells.

We have previously shown that induction of cation dependent proteins such as
Metallothioneins, MT2A isoform in particular, with ZnSQO, increases resistance to radiation
and cisplatin chemotherapy [35]. As a corollary, Zn2* chelation may increase sensitivity to
chemotherapeutic agents. For the first time in the history of managing metastatic prostate
cancer, chemotherapeutic agents demonstrated to improve overall survival in metastatic
prostate cancer (e.g. docetaxel and cabazitaxel) are approved for clinical use. Novel clinical
strategies to improve response to these chemotherapeutics are need and targeting Zn%*
through chelation may be an attractive option.

CONCLUSION

Zn2* chelation with cell-permeable moieties represents a promising strategy for prostate
cancer treatment that may also enhance the efficacy of chemotherapy. TPEN treatment
enhances F10-induced apoptosis in PC3 and C4-2 cells demonstrating the potential for this
combination therapy approach to be further evaluated in pre-clinical models of castration-
resistant prostate cancer. In light of the low toxicity and strong anti-cancer activity of F10 in
animal models of AML and GBM this combination is likely to be effective and well-
tolerated for prostate cancer treatment. The serine protease Omi/HtrA2 contributes to
prostate cancer cell survival and pharmacological inhibition of Omi/HtrA2 enhances the pro-
apoptotic properties of F10 and F10/TPEN. These studies identify Omi/HtrA2 as a potential
new target for prostate cancer treatment.
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Time-dependent effects of Zn2* chelation or treatment with exogenous Zn?* to PC3 or C4-2

cell viability (expressed as %-inhibition). Cells were treated with either the cell-

impermeable Zn2*-chelator DTPA (50 pM), ZnS0y4 (50 uM), NaPy (1.2 uM), or NaPy (1.2
M) + ZnS04 (50 uM) for (A) 24 h or (B) 72 h. Statistical significance, Student’s two-tailed

test: *: p<0.05.
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Figure 2.
Exogenous Zn2* causes sensor-dependent changes in fluorescence for intracellular Zn2*

sensors. (A) %-Increase in FluoZin fluorescence (relative to vehicle-treatment) in PC3 and
C4-2 cells following treatment with ZnPy (“*” indicates p < 0.05 for both cell lines). B— D
are confocal images of C4-2 cells: B — no treatment; C — 6 UM ZnPy with Zinquin detection;
D — 6 UM ZnPy with FluoZin detection.
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Continuous co-treatment with ZnPy enhances F10 cytotoxicity only under limited
conditions. (A,B) Plots of cell viability for (A) PC3 and (B) C4-2 cells co-treated with F10
and ZnPy under the conditions indicated. (C,D) Plots of caspase 3/7 activity for (C) PC3 and

(D) C4-2 cells under the conditions indicated. Cytotoxicity is independent of F10

concentration for ZnPy concentrations >150 nM for PC3 and > 300 nM for C4-2 cells.

Prostate. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Gmeiner et al.

Page 15

N3idL

POSUZXE O+NId L |

120.0 120.0
3z 3
= £ 100.0
£ 1000 5 ,
S S
U 80,0 O 80.0
a S
n 60.0 _— g 60.0 B
Zz+ 40,0 m-Ccq-2 = 400 ~5-C4-2
£ 200 g 200
o= =
~ o0 0.0
0 425 450 475 500 525 550 5.75 o 2 4 & 8 10
c TPEN Cone. (uM) D TPEN (uM)
120.0 120
X L |
100.0 s _
80.0 5 ) ¥ &
' 80 2
60.0 2 Z
; 2 ¥
40.0 mpPC3 % 6o F 1
-
200 EC42 E
< 40
0.0 =
-
< 20
o
=
=1 0
o z o =]
= - puct 3
o g =
- -
z

POSUZXT+NIdl |—

YT pOSUZXE 0+NId| [E—

YT POSUZXT+NIdL |EE—

YZ POSUZXE O0+NIdL |—

YZ POSUZXT+NIdL [—
£,

UZ+LJEN+VA LA

E Con F TPEN

Figure4.
Treatment with the Zn2* chelator TPEN reduces viability for PC3 and C4-2 cells and TPEN

cytotoxicity is completely reversed by exogenous Zn%*. (A) Reduced viability upon
treatment with the indicated TPEN concentration. (B) Expanded scale differentiates
sensitivity of PC3 and C4-2 cells to TPEN cytotoxic effects. (C) Rescue of TPEN
cytotoxicity with exogenous ZnSQy at the indicated concentration relative to TPEN (6 uM)
and with the delay indicated. (D) NaPy but not DTPA displays rapid effects. Treatments
were as indicated in Figure 1 except for 6 h followed by 72 h in drug-free media. Statistical
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significance, Student’s two-tailed test: *: p<0.05. (E,F) FluoZin fluorescence for PC3 cells:
(E) Control (non-treated cells); (F) Treatment with TPEN (5 uM for 4 h) with identical
settings as in (E).
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Figureb5.

TPEN enhances F10 cytotoxicity and inhibiting the serine protease Omi/HtrA2 (Omi)
further enhances F10 + TPEN. (A) Viability and (C) apoptosis in C4-2 cells upon treatment
with F10 (10 nM; 48 h) + TPEN (6 pM). TPEN was administered during the final six hours
of treatment. (B) Viability and (D) apoptosis upon treatment with F10 and TPEN as in (A,C)
except additional co-treatment with the Omi/HtrA2 inhibitor Ucf-101 (10 pM).
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Figure6.
F10 enhances expression of p21 and Bax in C4-2 cells while neither TPEN nor UCF-101

(Omi) enhance expression as single agents or further enhance F10-induced increased
expression. (A) Western blot for Bax and p21 for C4-2 cells treated as in Figure 5. (B)
Western blot for Omi/HtrA2 that does not undergo changed expression under these
treatment conditions.
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