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Abstract

This study represents a novel approach for intraoperative ovarian cancer treatment based on the
combinatorial effect of a targeted photodynamic therapy (PDT) associated with suppression of
the DJ-1 protein, one of the key players in the ROS defense of cancer cells. To assess the
potential of the developed therapy, dendrimer-based nanoplatforms for cancer-targeted delivery
of near-infrared photosensitizer, phthalocyanine, and DJ-1 siRNA have been constructed. In
vitro studies revealed that therapeutic efficacy of the combinatorial approach was enhanced when
compared to PDT alone and this enhancement was more pronounced in ovarian carcinoma cells,
which are characterized by higher basal levels of DJ-1 protein. Moreover, the ovarian cancer
tumors exposed to a single dose of combinatorial therapy were completely eradicated from the
mice and the treated animals showed no evidence of cancer recurrence. Thus, the developed
therapeutic approach can be potentially employed intraoperatively to eradicate unresactable

cancer cells.

Key words: ROS, DJ-1, siRNA therapy, photodynamic therapy, ovarian cancer

Abbreviations: PDT - photodynamic therapy; ROS - reactive oxygen species; Nrf2 - nuclear
factor (erythroid-derived 2)-like 2; Pc - phthalocyanine; PP1G4 - Generation 4 poly(propylene
imine) dendrimer; PPI-siRNA — poly(propylene imine) dendrimer based siRNA delivery system;
PPI-Pc — poly(propylene imine) dendrimer based phthalocyanine delivery system; MAL-PEG-
NHS - a-Maleimide-o-N-hydroxysuccinimide ester poly(ethylene glycol), LHRH - Luteinizing
Hormone-Releasing Hormone; PY1 - Peroxy Yellow 1; SOGS - Singlet Oxygen Sensor Green;
H&E — hematoxylin and eosin; HUVEC - human umbilical vein endothelial cell line; gPCR -

real-time quantitative polymerase chain reaction; SD - standard deviation.
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Background

Each year there are about 22,000 new cases of ovarian cancer in the US, and more than
14,000 women die from it annually.! The high mortality rate is attributed to the fact that 60% of
cases are diagnosed at an advanced stage, after the cancer has already metastasized to the
abdominal cavity.? Currently, surgical resection of the abdominal metastases can significantly
reduce ovarian cancer recurrence and, therefore, improve patient survival. * Even with the best
microsurgical techniques, surgeons leave behind microscopic tumors that eventually lead to
cancer relapse.> *® Therefore, there is a critical need for adjuvant intraoperative therapies that
can be delivered immediately after tumor resection to kill cancer cells that may be left behind.
Intraoperative radiotherapy and hyperthermic chemotherapy showed some potential for
sterilization of unresected tumors.®® However, high toxicity and cancer-cell resistance
compromise the effectiveness of these modalities.

Unlike radiotherapy or chemotherapy, photodynamic therapy (PDT) is characterized by
minimal side effects because it selectively kills cancer cells using a non-toxic photoactive drug
(photosensitizer), specifically activated by targeted light.” In PDT, cytotoxic reactive oxygen
species (ROS) are generated upon light illumination of a specific wavelength by the
photosensitizer that has accumulated in the cancer cells.” *° Therefore, PDT offers a higher
therapeutic selectivity for cancer cells because of the ability to focus light on cancerous tissue.™
Moreover, cancer cells have elevated basal ROS levels compared to normal cells, because of
their accelerated metabolism and signaling aberrations.™ ' Consequently, these malignant cells
are selectively vulnerable to further oxidative insults induced by the ROS-generating
photosensitizers." * The PDT agents, injected prior to surgery accumulate in cancer tumors, and
can be activated with the light of a specific wavelength intraoperatively to further enhance

surgical outcomes by elevating ROS levels within the cancer tissue, thus causing increased cell
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death. The therapeutic potential of intraoperative PDT has already been demonstrated in clinics
for treatment of several cancers.'**®

Antioxidant defense systems in cancer cells, however, can decrease the efficacy of PDT by
scavenging excessively produced ROS.'” The mechanisms of intracellular antioxidant defense
systems involve upregulation of multiple molecules, including superoxide dismutase, Nrf2,
glutathione peroxidase and DJ-1, in response to an increase in intracellular ROS levels.**
Among the other proteins, DJ-1 plays a significant role in protecting cancer cells from ROS-
mediated apoptosis.'® % % DJ-1 increases reduced glutathione synthesis and destabilizes the
interaction between Nrf2 and its redox-sensitive cytosolic inhibitor Keapl. Dissociation of the
Keapl/Nrf2 complex permits nuclear translocation of Nrf2, which acts as a master
transcriptional regulator that induces expression of numerous antioxidant proteins.*® %22
Moreover, a direct role of DJ-1 in inhibition of the apoptotic pathway has been proposed, based
on its ability to reduce the expression of pro-apoptotic protein Bax and inhibit caspase
activation.?* Additionally, overexpression of DJ-1 in various cancer cells is associated with
invasion, metastasis, resistance to chemotherapy, and overall cell survival.*® Based on these
facts, we hypothesized that suppression of DJ-1 can enhance the anticancer effect of ROS
induced by PDT.

Here, we have developed and evaluated a novel ROS-induced nanotherapeutic approach for
intraoperative ovarian cancer treatment based on the combinatorial effect of targeted PDT and
suppression of the DJ-1 gene (Fig. 1). For this modality, we employed two therapeutic agents:
(1) phthalocyanine (Pc) as the near infrared (NIR) photosensitizer®?’ and (2) siRNA as a DJ-1

gene suppressor. NIR photosensitizers are required for the efficient treatment of deep-seated

cancer tumors by PDT, because they can overcome the major obstacles of conventional



photoactive drugs associated with the limited tissue penetration of visible light used for their
activation.'® The employed Pc molecules are characterized by strong absorption of NIR light
coupled with efficient ROS-generating properties.?> To attenuate the intracellular ROS defense
system, siRNA therapy gives an opportunity to specifically inhibit the targeted proteins,
including DJ-1.2% % However, the stability of siRNA molecules in blood, lack of targeting to the
cancer tumors, and limited ability to penetrate across the cellular membrane, have been the major
issues in clinical applications.”® Furthermore, in vivo application of Pc is also limited by low
water solubility, aggregation and lack of cancer specificity.” The development of the
nanomedicine platforms for both Pc and DJ-1 siRNA delivery to ovarian cancer cells and an

evaluation of combinatorial ROS-induced therapy both in vitro and in vivo are reported herein.

Methods

Materials

Human ovarian cancer (A2780/AD and ES2) and human umbilical vein endothelial cell lines
(HUVEC) were obtained from ATCC (Manassas, VA). Generation 4 poly(propylene imine)
dendrimer (PPIG4) was purchased from SyMO-Chem (Netherlands). a-Maleimide-m-N-
hydroxysuccinimide ester poly(ethylene glycol) (MAL-PEG-NHS, 5 kDa) was acquired from
NOF Corporation (White Plains, NY). Luteinizing Hormone-Releasing Hormone (LHRH)
peptide (GIn-His-Trp-Ser-Tyr-DLys(DCys)-Leu-Arg-Pro-NH-Et), was obtained from Amersham
Peptide Co. (Sunnyvale,CA). siRNA and Singlet Oxygen Sensor Green (SOSG) assay were from

Life Technologies (Grand Island, NY). All other chemicals were purchased from VWR.



Synthesis of Pc and DJ-1 siRNA delivery nanoplatforms

A Pc-loaded dendrimer nanoplatform functionalized with PEG and LHRH peptide (PPI-Pc) was
synthesized according to our previously developed procedure (Supplementary Materials).? 27 %
Synthesis of the DJ-1 siRNA delivery vehicle (PPI1-siRNA) was carried out by first obtaining
the PP1G4-siRNA complex via mixing DJ-1 siRNA (10 uM) and PP1G4 (0.33 pg/ml) in milliQ
water. The mixture was incubated at room temperature (RT) for 1 h, followed by the addition of
MAL-PEG-NHS (0.033 mg/mL). Next, the LHRH peptide (5 mg/mL) was added to the reaction
mixture, followed by shaking overnight at 1300 rpm. The complete complexation of the added

siRNA (10 uM) by PPIG4 was validated by the gel retardation assay (Fig. S1). Finally, the PPI-

SiIRNA was purified by dialysis.

Characterization of PPI-Pc and PPI-siRNA nanoplatforms

AFM, zeta potential and hydrodynamic diameter of the prepared complexes were measured as
previously described.?* 3! ¥ Flow cytometery was used to evaluate cellular internalization
efficiency of both the PPI-Pc and PPI-siRNA.?* 2" The amount of intracellular singlet oxygen
(*O,) produced by PPI-Pc after light treatment was measured by the SOSG assay.? qPCR and
Western immunoblotting analysis were employed to measure DJ-1 gene and protein levels.*?

Additional details can be found in Supplementary Materials.

In vitro evaluation of ROS-induced combinatorial therapy
Cells were seeded in a 96-well plate at a density of 1x10* cells/well and treated with the DJ-1
PPI-siRNA (siRNA=1 uM) 24 h prior to PDT. Afterwards, an additional 100 pL of media

containing the various final concentrations of PPI-Pc (0 — 250 ng/mL) was added to an
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appropriate well and allowed to incubate for 12 h. After treatment, the cells were rinsed with
DPBS three times. Next, PDT was carried out by irradiating the transfected cells with a
continuous wave laser diode at 690 nm (Thorlabs Inc, Newton, NJ, 0.3 W/cm?) for 5 min. Al
treated samples had proper dark controls for comparison. A modified Calcein AM assay was
then used to evaluate cell viability after treatment with the appropriate formulations
(Supplementary Materials).? ** Peroxy Yellow 1 (PY1) was employed to quantify the generated
intercellular level of H,O,in A2780/AD and ES2 cells after PDT and combinatorial therapy
(Supplementary Materials).®® Analysis of real time A2780/AD cell proliferation after treatment
with PPI-siRNA was carried out using the xCELLigence instrument (Supplementary

Materials).*

In vivo studies

Animal studies were performed according to the Humane Care and Use of Laboratory Animals
Policy and were approved by Institutional Animal Care and Use Committee of the Oregon State
University. Experiments were carried out on nude mice bearing subcutaneous xenografts of
A2780/AD cancer cells as previously described (Supplementary Materials).?* 2" * When tumor
size became ~ 40 mm?®, the animals were randomly selected to one of seven groups (5 mice per
group): (1) control, (2) light, (3) PPI-Pc (Pc dark), (4) PPI-siRNA (DJ-1), (5) PPI-Pc + 690 nm
light (PDT), (6) PPI-siRNA + PPI-Pc (DJ-1/Pc dark), and (7) PPI-siRNA + PPI-Pc + 690 nm
light (DJ-1/PDT). Mice in groups 6 and 7 underwent intravenous (i.v.) injection with the PPI-
SIRNA (siRNA = 17 uM) followed by injection of PPI-Pc (300 ug/mL) after 24 h. Mice in
groups 1, 3, 4 and 5 were injected with saline, PPI-Pc, PPI-siRNA and PPI-Pc, respectively.
After 12 h of the last injection, the subcutaneous tumors in the mice from the groups 2, 5, 6 and 7

underwent one-time light treatment (690 nm laser diode, 1.3 W/cm?, 10 min).*® The body weight
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and tumor size were recorded for all mice during 25 days after treatment. All the tumors were
harvested at the end of treatment, processed and used for Hematoxylin and eosin (H&E)
counterstaining, Hoechst staining and immunofluorescence chemistry (Supplementary

Materials).*

Statistical analyses

Data were analyzed using descriptive statistics, single-factor analysis of variance (ANOVA), and
presented as mean values * standard deviation (SD) from three to six independent measurements.
The comparison among groups was performed by the independent sample Student's t-test. The

difference between variants was considered significant if P < 0.05.

Results
Preparation and characterization of the nanomedicine platforms for delivery of Pc and siRNA
The structure of PP1G4 dendrimers, having a combination of interior hydrophobic pockets
and peripheral hydrophilic primary amines, offer the possibility to encapsulate the hydrophobic
Pc molecules, and thereby both decreasing their aggregation while enhancing water solubility®®
27.30 (Fig. 1A). Our data indicated that the loading efficiency of Pc into PPIG4 dendrimer is 20%
wi/w. Furthermore, the positively charged primary amines on the periphery of PPIG4 have been
employed for electrostatic complexation of negatively charged siRNA molecules. The dendrimer
and siRNA molecules spontaneously self-assemble into nanoparticles. An excess of dendrimers
provides encapsulation of SiIRNA molecules inside of the nanoparticles, which in turn protect the
36, 37

siRNA against serum nuclease degradation and facilitate cellular internalization (Fig. 1B).

We have previously demonstrated that the PP1G4 is the most efficient nanoplatform for the



complexation and transfection of SiRNA into the cancer cells among other generations of
dendrimers.*’

To enhance stability and biocompatibility of the developed nanoplatforms, the amine-
terminated-dendrimer surface has been modified with a PEG, which contains an amine-reactive
NHS ester and thiol-reactive maleimide (MAL) group on the opposite ends. The PEGylation has
been carried out by coupling NHS groups of PEG to amino groups on the dendrimer surface via
amide bonds (Fig. 1A and B).?" * * To provide cancer specificity, the nanoplatforms were
equipped with a LHRH peptide as a ligand to LHRH receptors that are overexpressed in ovarian
cancer cells.*> The LHRH peptide has been conjugated to the distal end of PEG by coupling the
MAL of PEG to cysteine thiol presented in the LHRH sequence (Fig. 1A and B).?” * The
average zeta potential values of the LHRH-targeted complexes are +24.4 + 3.5 mV and +11.9 +
0.2 mV for PPI-Pc and PPI-siRNA, respectively. The hydrodynamic diameters of the complexes,
PPI-Pc and PPI-SiRNA, are 62.3 £ 0.1 nm and 147.5 + 0.2 nm, respectively (Fig. S2A). The
larger size of PPI-siRNA in comparison to PPI-Pc is attributed to a fact that several dendrimers
and siRNA molecules are incorporated into the final complex as reported previously (Fig. 1B).%
The AFM images revealed a spherical shape of both nanoplatforms and verified a difference in
size between PPI-Pc and PPI-siRNA (Fig. S2B-C). Recorded sizes for both nanoplatforms are
within the desired range of 10 — 200 nm to prevent elimination by the kidneys (>10 nm),
recognition by macrophage cells (<200 nm), as well as enhancing tumor-targeted delivery via the
EPR effect (<200 nm).*

The critical feature for these nanoplatforms is the ability to prevent drug leaching in the systemic
circulation, thus minimizing side effects. Therefore, the release of hydrophobic Pc from the

nanoplatform was assessed in human plasma, which indicated minimal Pc release (less than 2%)
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(Fig. S3). The previous studies also suggested that Pc does not have to be released from the
dendrimers in the cancer cells to cause the PDT effect.”® 2" 3% “° Finally, negligible leaching of
SiRNA from the nanoplatform in the presence of serum was also confirmed (Fig. S4). Of note, an
efficient suppression of DJ-1 mRNA in the cancer cells treated with PPI-siRNA indicates
successful release of siRNA in the cytoplasm (Fig. 2).

To evaluate efficiency of the nanoplatforms for delivery of DJ-1 siRNA and Pc to the
ovarian cancer cells, flow cytometry analysis was employed. siRNA was labeled with FITC,
while the intrinsic NIR fluorescence of Pc was used to quantify cellular uptake of both
nanoplatforms. Flow cytometry analysis showed that the appropriate fluorescence signal was
detected in 97.8% and 98.8% ES2 ovarian carcinoma cells after incubation with PPI-Pc (Pc = 63
ng/mL) and PPI-siRNA (siRNA = 1 uM), respectively (Fig. 2A and B). Following a 24 h
incubation with the prepared PPI-siRNA (siRNA=1 uM) and washing with DPBS buffer, g°PCR
analysis revealed downregulation of DJ-1 mRNA by 90% in ES2 cells as compared to non-
treated cells (Fig. 2C). The suppression of the corresponding DJ-1 protein was confirmed via
immunoblotting analysis (Fig. 2C inset). The cytotoxic mechanism of Pc toward cancer cells
following light activation involves production of ROS mainly in the form of singlet oxygen
(*0,)."° SOGS assay demonstrated an efficient generation of 'O, in PPI-Pc-pretreated cells after
their exposure to 690 nm light for 5 min (Fig. 2D). This experiment also revealed that the
intracellular *O; level depends on the Pc concentration. Thus, a 23-fold increase in the
intracellular *O, level was detected after incubation of ES2 cells with 125 ng/mL of PPI-Pc when
compared to PPI-Pc-treated cells under dark conditions. At lower PPI-Pc concentration (32
ng/mL), the 'O, level was increased only 18 times (Fig. 2D). The non-irradiated cells exhibited

negligible increases in singlet oxygen at all PPI-Pc concentrations, confirming that 'Oy is formed
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only in the presence of PPI-Pc followed by light irradiation. Thus, the developed PPI-Pc
exhibited no dark cytotoxicity at the highest studied concentration of 250 ng/mL (Fig. S5A). In
addition, the combination of PPI Pc with the PPI-siRNA nanoplatform loaded with DJ-1 siRNA

(1 M) did not compromise viability of cancer cells (Fig. S5A).

In vitro evaluation of ROS-induced combinatorial therapy

ES2 human clear cell ovarian carcinoma and A2780/AD doxorubicin resistant human ovarian
carcinoma cells were used. As shown in Fig. 3A, the basal level of DJ-1 mRNA in ES2 cells is
1.5 times higher as compared to non-malignant HUVEC cells. In contrast, the A2780/AD cells
are characterized by 3.5- and 2.3 fold increases in the intracellular level of DJ-1 mRNA when
compared to HUVEC and ES2 cells, respectively (Fig. 3A). The difference in DJ-1 protein
expression in the employed cell lines was further confirmed by immunoblotting (Fig. 3A inset).
The selected ovarian cancer cell lines also overexpress LHRH receptors, which assure efficient
internalization of the developed LHRH-targeted nanoplatforms.® 4! 42

When ES2 and A2780/AD cells were subjected to PDT via incubation with PPI-Pc
nanoplatform for 12 h followed by light irradiation with a 690 nm laser diode for 5 min (0.3
W/cm?), a distinct cytotoxic effect was detected at all studied concentrations of Pc in both cell
lines (Fig. 3B). However, ES2 cells, which exhibited lower DJ-1 protein expression, were more
sensitive to PDT. For example, viability of ES2 cells treated with PPI1-Pc nanoplatform at the
lowest studied concentration of 32 ng/mL was 20% lower when compared to A2780/AD cells.
We next examined whether suppression of DJ-1 would enhance the anticancer effect of PDT

through the inhibition of cellular antioxidative defense mechanism and, consequently, amplified

elevation of intracellular ROS levels. ROS-induced combinatorial therapy was achieved by pre-
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treating both ovarian cancer cells 24 h prior to PDT with the siRNA-loaded nanoplatform
thereby allowing enough time for intracellular DJ-1 protein degradation and suppression of the
cells” antioxidant defense mechanisms. Immunoblotting analysis validated that intracellular level
of DJ-1 protein was substantially inhibited in the selected cell lines following 24 h incubation
with the PPI-siRNA (Fig. 3C and D, insets). In the next step cells were incubated with PPI-Pc at
various concentrations (0 — 250 ng/mL) for 12 h following irradiation with a laser diode for 5
min (0.3 W/cm?). The recorded data demonstrated that therapeutic efficacy of the combinatorial
approach was improved by 6-20% when compared to PDT alone in both cell lines (Fig. 3C and
D), and this effect was more pronounced in A2780/AD cells, which are characterized by higher
basal level of DJ-1 protein (Fig. 3D). For example, in comparison to PDT alone, the attenuation
in viability of the A2780/AD and ES2 cells sequentially treated with PPI-siRNA and PPI-Pc
nanoplatform at the concentration of 32 ng/mL was 16% and 6%, respectively. It is noteworthy
that combinatorial treatment performed by using the highest concentrations of PPI-siRNA (1uM
siRNA) and PPI-Pc (250 Pc ng/mL) demonstrated negligible cytotoxicity toward cancer cells
under dark conditions (Fig. S5). When non-treated A2780/AD and ES2 cells or the cells treated
with PPI-siRNA only were irradiated with a 690 nm laser diode (0.3 W/cm?) for 5 min, no
decrease in cell viability was recorded (Fig. 3 B-D, controls). It is related to a fact that a 690 nm
laser alone at this power density does not increase intracellular ROS level (Fig. 2 D) or generate

hyperthermia (Fig. $6).%°

In addition to regulating oxidative cellular stress, several studies have demonstrated an anti-
apoptotic and anti-proliferative functions of DJ-1 through repression of p53 transcriptional
activity.” Therefore, we also assessed whether treatment of the cancer cells with only DJ-1

SiRNA delivered by PPI-siRNA decreases cell proliferation or induces cellular apoptosis and
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contributes to the enhancement of ROS-elevation combinatorial therapy. Our data demonstrated
that the viability of both cancer cell lines treated with only the PPI-siRNA nanoplatform was not
significantly compromised within 48 h, a period of time required to complete the combinatorial
therapy (Fig. 4A). Real-time proliferation studies further confirmed that DJ-1 siRNA alone does
not influence ovarian cancer cells proliferation within 48 h. Cell proliferation started to
continuously decrease only after 50 h as compared to the cells treated with the same
nanoplatform loaded with scrambled siRNA (Fig. 4B). It takes a finite amount of time for
suppression and DJ-1 protein turnover to initiate an anti-proliferative effect.

We also determined that the combinatorial treatment results in sufficient increase of
intracellular ROS level in both cells as compared to PDT alone, suggesting an important role of
DJ-1 suppression in ROS elevation (Fig. 4C and D). Following combinatorial treatment, the PY1
assay revealed an increase of H,O; intracellular level (stable form of ROS) by 140% and 85% in
ES2 and A2780/AD cells, respectively, as compared to PDT alone. The cell lines treated with
either PPI-Pc or combination of both PPI-Pc and PPI-siRNA under dark conditions showed

negligible change in the intracellular ROS levels (Fig. 4C and D).

In vivo evaluation of combinatorial ROS-elevating therapy

For animal studies, A2780/AD ovarian cancer cells, which demonstrated a more pronounced
response to the combinatorial treatment, were subcutaneously transplanted into the right flank of
nude mice. When the tumor volume reached 40 mm?, PPI-siRNA nanoplatform loaded with DJ-
1 siRNA were administered intravenously 24 h prior to injection of PPI-Pc. After 24 h following
a PPI-Pc injection ,corresponding tumors and controls were exposed for 10 min to a single dose

of light generated by 690 nm laser diode. Tumors treated with PDT or combinatorial therapies
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shrank gradually and were almost eradicated from the mice on the 15th day after the treatment
(Fig. 5A, magenta and dark yellow curves). However, tumors treated with PDT only started to
regrow on day 16 after commencement of the treatment (Fig. 5A, magenta curve). In contrast,
combinatorial therapy showed no evidence of cancer recurrence in the 25 days follow-up period
(Fig. 5A, dark yellow curve). Mice treated with (a) saline, (b) 690 nm light only and (c) PPI-Pc
under dark conditions grew rapidly with a similar rate (Fig. 5A). Despite the strong anticancer
effect, the body weights of the mice increased continuously, indicating that there were no weight
loss-causing side effects (Fig. 5B).

DJ-1 siRNA only delivered by the developed nanoplatform inhibited the tumors growth on day
15 after the injection and the tumor volumes (500 mm®) remained constant throughout the
duration of the study (Fig. 5A, olive curve). A similar response was detected after treatment of
the mice with both PPI-siRNA and PPI-Pc under dark conditions (Fig. 5A, navy curve). The
observed therapeutic effect could be explained by the suppression of the DJ-1 protein causing a
decrease in cancer cell proliferation, which is in good agreement with the corresponding in vitro
studies (Fig. 4B). The DJ-1-directed antibody immunofluorescence staining of the tumor tissues
verified that PPI-siRNA was able to deliver DJ-1 siRNA to the cancer cells and substantially
inhibited the targeted protein (Fig. 6, top images).

H&E staining indicated that tumor tissue from the combinatorial treatment group exhibited
significantly more damage and loss of stained nuclei when compared to tumors collected from
the PDT treated group (Fig. 6 bottom images). In the control groups, negligible damage and loss
of stained nuclei were observed. Furthermore, Hoechst staining was used to quantify the number
of cells in the various tumor samples that underwent nuclear condensation, and membrane

blebbing — the hallmarks of cellular apoptosis.** Obtained results indicated that in comparison to
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the controls there was a 3.2-and 6.5-fold increase in the number of apoptotic cells in the tumor
samples after PDT and combinatorial treatment, respectively (Fig. 7). The increase in the number
of apoptotic cells in the tumor tissues after treatment with PPI-siRNA or PPI-siRNA in
combination with PPI-Pc under dark conditions was only 1.42 fold. This result strongly indicates

that the combinatorial treatment substantially elevates cellular apoptosis.

Discussion

To exploit the potential of both Pc and siRNA as therapeutic agents for novel ROS-induced
therapy, we constructed two separate vehicles based on the PPI dendrimers, PPI-siRNA and PPI-
Pc, which can transport DJ-1 siRNA and Pc sequentially to ovarian cancer cells (Fig. 1C and 2).

The selection of a sequential delivery approach for the employed therapeutic agents is
warranted by the fact that the half-life of the DJ-1 protein in the cytosol is estimated to be around
24-30 h.***® Thus, suppression of DJ-1 mRNA at least 24 h prior to PDT is required to
sufficiently decrease the concentration of cytosolic DJ-1 protein and to elicit a therapeutic
combinatorial response. In the absence of intracellular DJ-1 protein, ROS levels and apoptosis of
cancer cells are hypothesized to be effectively increased via Pc’s ROS elevating cytotoxic
mechanism of action (Fig. 1C). In addition, it is challenging to achieve the desired concentration
ratio of Pc and siRNA in a single nanocarrier to reach the required synergistic effect.

To evaluate in vitro efficiency of the developed ROS-induced combinatorial therapy for
cancer treatment, two LHRH-positive ovarian cancer cell lines, ES2 and A2780/AD were used.
These cell lines are characterized by different basal levels of DJ-1 protein (Fig. 3A) and thus,
allowed us to evaluate the effect of the intracellular DJ-1 levels on the efficacy of our

combinatorial therapy. ES2 cells, which exhibited lower DJ-1 protein expression, were more
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sensitive to PDT (Fig. 3B). These results indicate that higher cellular levels of DJ-1could
increase the resistance of cancer cells to ROS-mediated therapy and are a significant
cytoprotective factor against exogenous ROS, ™ especially when the latter is present at lower
concentrations. These data are in a good agreement with previous reports, which implicated DJ-1
as an intracellular sensor for oxidative stress'® and postulated its upregulation protects cancer
cells against different oxidative agents.*®™*

Furthermore, we revealed that suppression of DJ-1 protein enhances the therapeutic efficacy
of PDT (Fig. 3 C and D) and this enhancement was accompanied by substantial increase of
intracellular ROS level as compared to PDT alone in both cancer cell lines (Fig. 4 C and D). It is
noteworthy that decrease in cell viability after treatment with the combinatorial approach when
compared to PDT alone was more pronounced in A2780/AD cells, which are characterized by
higher basal level of DJ-1 protein (Fig. 3D). Higher expression of DJ-1 in A2780/AD cells
suggests a more responsive defense system toward ROS, and thus more pronounced
improvement in the PDT effect after DJ-1 suppression. These data are in line with previous
reports which also revealed that suppression of the DJ-1 protein could lead to a weakened
antioxidant defense in cancer cells and enhanced efficacy of ROS-induced agents.*® “® **

Animal studies further revealed that the ovarian cancer tumors exposed to a single dose of a
combinatorial therapy were completely eradicated from the mice and the treated animals showed
no evidence of cancer recurrence (Fig. 5A). In contrast, tumors treated with PDT alone started to
regrow on day 16 after commencement of the treatment. The initial eradication of cancer tumors
after treatment with a single dose of a PDT could be explained by a fact that Pc could generate

both ROS and heat under exposure to NIR light.”® Therefore, Pc-generated hyperthermia can

complement a PDT and provide the strong initial response of cancer tumors. Further,

17



combination of Pc-mediated phototherapy with DJ-1 gene suppression provides a superior
therapeutic effect and prevents cancer regrowth.

In summary, the development and evaluation of the novel ROS-induced therapy and the required
nanoplatforms for targeted delivery of Pc and siRNA are reported. Efficiency of the delivered
DJ-1 siRNA and Pc to respectively downregulate the targeted gene and generate intracellular
ROS in the human ovarian carcinoma cells were validated. Remarkably, siRNA-mediated
silencing of DJ-1 expression substantially enhanced the anticancer activity of PDT and this
effect was more pronounced in ovarian carcinoma cells, which are characterized by higher basal
levels of DJ-1. Moreover, the enhancement in cell death was accompanied by at least an 85%
increase in intracellular ROS levels compared to cells treated with PDT alone. Thus, our data
reveal an important role of the DJ-1 gene as a key player in regulating cellular death mediated by
ROS-generating PDT. Furthermore, our study establishes a prospective therapeutic approach
against ovarian cancer - the tumors exposed to a single dose of a combinatorial therapy were
completely eradicated from the mice. Future studies will address the translational aspects of this

approach.

Appendix A. Supplementary Materials

Supplementary materials to this article can be found online.
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Figures Legends:

Figure 1. Preparation of the PPI dendrimer-based nanoplatforms for targeted delivery of (A)
Pc (PPI-Pc) and (B) DJ-1 siRNA (PPI-siRNA). (C) Schematic illustration of the ROS-induced
combinatorial therapy for cancer treatment. Step 1: The siRNA molecules delivered by PPI-
SiRNA via LHRH-receptor mediated endocytosis to cancer cells suppress the targeted DJ-1 gene
and inhibit the intracellular ROS defense system. Step 2: The sequentially delivered Pc
molecules by PPI-Pc generate intracellular ROS after activation with NIR light. Combining a
boost in the intracellular ROS level with inhibition of the cellular ROS defense system results in

efficient apoptosis of cancer cells.

Figure 2. Flow cytometry analysis of cellular internalization of (A) PPI-Pc and (B) PPI-SiRNA
after incubation with ES2 ovarian carcinoma cells for 24 h. (C) Expression of DJ-1 mRNA in
ES2 cells after treatment with media and PPI-siRNA for 24 h. (Inset) Representative Western
blot images of DJ-1 and B-actin expression in ES2 cells after treatment with media and PPI-
SiRNA for 24 h. (D) Relative singlet oxygen level in ES2 cells treated with PPI-Pc at the
following concentrations: 0, 32, 63 and 125 ng/mL for 24 h and irradiated for 5 min using 690
nm laser diode (0.3 W/cm?). PPI-Pc transfected cells treated under dark conditions and cells
incubated with media were used as the controls. Means £ SD are shown. *P < 0.005 when

compared with cells incubated with fresh media.

Figure 3. (A) Relative basal level of DJ-1 mRNA in A2780/AD and ES2 ovarian cancer cells as

compared to non-malignant HUVEC cells. The expression of DJ-1 in HUVEC cells was set as 1.
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Means + SD are shown. *P < 0.05 and **P < 0.005 when compared with HUVEC cells. Inset:
Western blot images of DJ-1 protein expression in HUVEC, A2780/AD and ES2 cells. B-Actin
was used as the endogenous control. (B) Viability of ES2 and A2780/AD cells treated with PDT
only at various Pc concentrations. Controls represent viability of non-treated cells (Pc = 0
ng/mL) irradiated with a 690 nm laser diode (0.3 W/cm?) for 5 min. *P < 0.05 and **P < 0.005
when compared with PDT treated A2780/AD cells. Viability of ES2 (C) and A2780/AD (D) cells
treated with PDT only and combinatorial therapy (DJ-1 siRNA + PDT) at various Pc
concentrations. Controls represent viability of non-treated cells (Pc = 0 ng/mL, red bars) and the
cells treated with PPI-siRNA only (siRNA=1 uM, white bars) after exposure to a laser diode
(690 nm, 0.3 W/cm?) for 5 min. *P < 0.05 and **P < 0.005 when compared with PDT treated
cells. Inset: Western blot images of DJ-1 protein expression in A2780/AD and ES2 cells after

treatment with PPI-siRNA for 24 h.

Figure 4. (A) Viability of ES2 and A2780/AD cells treated with PPI-SiRNA (DJ-1 siRNA =1
uM) for 48 h under dark and light (690 nm, 0.3 W/cm?) conditions. (B) Real-time proliferation
profiles of A2780/AD cells after treatment with fresh media (control) and PPI-based
nanoplatforms loaded with either scrambled or DJ-1-targeted sSiRNA molecules (SIRNA =1 uM).
Relative level of hydrogen peroxide (H,O;) in ES2 (C) and A2780/AD cells (D) after treatment
with PDT (Pc = 63 ng/mL, 0.3 W/cm?) and combinatorial therapy (SiRNA = 1 uM, Pc = 63
ng/mL, 0.3 W/cm?). Cells transfected with the appropriate nanoplatforms and treated under dark
conditions and cells incubated with media were used as the controls. Means + SD are shown. *P

< 0.05 and **P < 0.005 when compared with cells treated under dark conditions.
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Figure 5. Changes in tumor volumes (A) and body weights of mice (B) after the following
treatments: (1) saline (control), (2) tumor irradiation with 690 nm light (Light), (3) PPI-Pc (Pc
dark), (4) PPI-siRNA (DJ-1), (5) PPI-Pc in combination with 690 nm light (PDT), (6) PPI-
SIRNA in combination with PPI-Pc (DJ-1/Pc dark) and (7) PPI-siRNA in combination with PPI-

Pc followed by 690 nm light irradiation (DJ-1/PDT). Means + SD are shown.

Figure 6. Expression of DJ-1 protein (immunohistochemistry) in tumor tissues (top images) and

H&E stained tumor sections after treatment with the indicated formulations.

Figure 7. Percent of apoptotic cells in tumor tissues after treatment with the indicated

formulations. The number of apoptotic cells was determined in tumor tissues stained with

Hoechst. Means £ SD are shown. *P < 0.05 when compared with control.
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Graphical Abstract

We have developed a novel ROS-induced therapy for intraoperative ovarian cancer treatment using
the combinatorial effect of cancer-targeted photodynamic therapy associated with the suppression
of the intracellular ROS defense system. The constructed cancer-targeted nanomedicine platforms
are capable of sequential delivery of DJ-1 siRNA and photosensitizer (Ps) to the cancer tumors. The
delivered siRNA suppresses the targeted DJ-1 gene and inhibits the intracellular ROS defense
mechanism. The sequentially delivered Ps molecules generate intracellular ROS after activation with
NIR light. Combining a boost in the intracellular ROS levels with attenuation of the cellular tolerance
toward ROS results in an increase of apoptotic cancer cells.
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