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Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPI) have exhibited great
promise in the treatment of tumors with homologous recombination (HR)
deficiency, however, PARPI resistance, which ultimately recovers DNA repair
and cell progress, has become an enormous clinical challenge. Recently,
KP372-1 was identified as a novel potential anticancer agent that targeted
the redox enzyme, NAD(P)H:quinone oxidoreductase 1 (NQO1), to induce
extensive reactive oxygen species (ROS) generation that amplified DNA
damage, leading to cancer cell death. To overcome PARPI resistance and
expand its therapeutic utility, we investigated whether a combination therapy
of a sublethal dose of KP372-1 with a nontoxic dose of PARPI rucaparib would
synergize and enhance lethality in NQO1 over-expressing cancers. We
reported that the combination treatment of KP372-1 and rucaparib induced a
transient and dramatic AKT hyperactivation that inhibited DNA repair by
regulating FOXO3a/GADD45a pathway, which enhanced PARPi lethality and
overcame PARPI resistance. We further found that PARP inhibition blocked
KP372-1-induced PARP1 hyperactivation to reverse NAD*/ATP loss that
promoted Ca?*-dependent autophagy and apoptosis. Moreover,
pretreatment of cells with BAPTA-AM, a cytosolic Ca®* chelator, dramatically
rescued KP372-1- or combination treatment-induced lethality and significantly
suppressed PAR formation and YH2AX activation. Finally, we demonstrated that
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this combination therapy enhanced accumulation of both agents in mouse
tumor tissues and synergistically suppressed tumor growth in orthotopic
pancreatic and non-small-cell lung cancer xenograft models. Together, our
study provides novel preclinical evidence for new combination therapy in
NQO1* solid tumors that may broaden the clinical utility of PARPI.
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Introduction

After the first promising clinical trials using a Poly (ADP-
ribose) polymerase (PARP) inhibitor (PARP1) as treatments for
platinum-sensitive BRCA1/2 mutated breast and ovarian
cancers, several PARP inhibitors have been approved by the
FDA/EMA as monotherapies or combination therapies for
BRCA mutated and/or platinum-sensitive breast and ovarian
tumors (1, 2). Although the great promise of PARPI treatments
in patients with homologous recombination (HR)-deficient
tumors has been demonstrated, PARPi resistance has become
a major clinical challenge (3, 4). Studies to date have revealed
several mechanisms of PARPI resistance, all of which result in
the restoration of DNA repair and in the resumption of cancer
cell proliferation (3, 4). PARP is a family of nuclear enzymes
mediating post-translational Poly(ADP-ribosyl)ation
(PARylation) of substrate proteins involved in a number of
cellular processes such as DNA damage repair, genomic stability,
and programmed cell death (5). There are seventeen family
members in the PARP family, however the PARP1 protein has
been shown to play an important role in sensing DNA single
strand breaks (SSBs) and double strand breaks (DSBs) (6, 7).
When DNA strand breaks occur, PARPI is activated and
PARylates itself, creating a scaffold to recruit and activate
central components of DNA damage checkpoint network
including ataxia telangiectasia mutated kinase (ATM) by
PARylation or stimulating DNA-dependent protein kinase
(DNA-PK) that help facilitate DNA repair and cell survival (6,
8). In HR repair deficient (BRCA1/2 deficient) tumors, which
have deficient ability to restore the PARPi-induced DNA repair,
PARP inhibitors block PARP activation and lead to cell death
(3). However, PARP inactivation also results in the suppression
of PARylation of ATM, and ATM, in turn, forms an ATM-
NEMO complex that translocates to cytoplasm, where it
activates AKT and subsequent cell survival pathways, leading
to PARPI resistance (8, 9).

AKT, a serine/threonine-specific protein kinase with three
isoforms: AKTI1, 2, and 3, plays an essential role in
phosphatidylinositol-3 kinase (PI3K) pathway that controls
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cell proliferation and pro-survival anti-apoptotic mechanisms
(10). Dysregulation of the PI3K/AKT pathway is observed in
many human cancers (11, 12), and in particular AKT has been
found to be frequently activated in human cancers and is
associated with poor prognosis and anticancer therapy
resistance (13, 14). In PARPi treatments, activated AKT has
been shown to contribute to drug resistance in cancer cells (9,
15). For example, exposure to alkylating agent MNNG and
AGI14361, a potential PARP1 inhibitor, was reported to
significantly and durably increase phosphorylated AKT,
leading to cancer cell growth recovery (16). Activated AKT
regulates downstream substrates and participates in DNA
repair, cell cycle arrest, drug efflux, and anti- apoptosis (17). In
addition, inhibition of PI3K/AKT by PI3K or AKT inhibitors in
in vitro or clinical trial has been shown to improve PARPi
anticancer effects (18, 19). One proposed mechanism for the
synergy between PARPi and AKT inhibitor is downregulated
expression of HR components such as BRCA1 (19). Taken
together, these studies indicate that PI3K/AKT pathway plays
a pivotal role in the limitation of PARPi utilization in cancer
treatment, and the potential utility of using AKT inhibition
might overcome PARPi resistance and broaden PARPi
clinical application.

NAD(P)H:quinone oxidoreductase (NQOI1) is an obligate
two-electron reductase that is involved in chemoprotection and
can also bioactivate certain antitumor quinones (20). NQOI is
overexpressed in most solid cancers (e.g., non-small cell lung,
pancreatic, breast, and head and neck), with very low expression
in normal cells/tissue (21, 22), and has the potential to be a
promising therapeutic target for cancer treatment (23). KP372-1
(molecular structure shown in Figure S1A), was previously
reported as a potent AKT inhibitor, shows evidence of single-
agent activity to suppress AKT activity that inhibits cancer cells
proliferation and induces apoptosis (24, 25). Recently, KP372-1
was also reported as a novel potential anticancer agent that
targeted NQOI to induce extensive reactive oxygen species
(ROS) generation that amplified DNA damage, leading to
cancer cell death (26, 27). In addition, there are reports
indicating that AKT hyperactivation promotes cell death and
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enhances the antitumor effects of chemotherapy in prostate and
ovarian cancers via inhibiting forkhead box class O (FOXO)
tumor suppressors and inducing reactive oxygen species (ROS),
leading to cell senescence or ROS-induced apoptosis (28-30).
Therefore, strategies to enhance KP372-1 efficacy without
augmenting toxicity are needed. In 2020, Dr. Patidar research
group revealed that the combination of KP372-1 with PARP
inhibitor BMN 673 enhanced KP372-1-induced cytotoxicity in
MiaPaCa-2 pancreatic cancer cells (27), however, the
mechanism of this combination therapy remains unknown.
We hypothesize that treatment with a PARPi rucaparib (FDA
approved) prior to exposure to KP372-1 will enhance both drugs
antitumor effects through KP372-1-induction of superoxidase
and hyperactivation of AKT and PARP{’s inhibition of PARP-
driven DNA repair in a tumor-selective manner and thereby
overcome a major PARPI resistance mechanism.

Materials and methods
Drugs and reagents

KP372-1 was synthesized by Dr. Xiaolei Wang’s lab (Lanzhou
University, China). Rucaparib was kindly provided by Clovis
Oncology, Inc. Dicoumarol and Hoechst 33258 were purchased
from Sigma-Aldrich. HPBCD (>98% purity) was obtained from
Cyclodextrin Technologies Development, Inc. Antibodies used in
this study for immunofluorescence and Western blotting were
shown in Supplemental Material and Methods.

Cell lines and cell culture

A549, MCF-7, MDA-MB-231, and MiaPaCa-2 were
obtained from the American Tissue Culture Collection
(ATCC, Manasas, VA). MDA-MB-231 NQOI1* and MCE-7
shPARPI were generated by us (21, 31). A549 and MiaPaCa-2
NQOI cell lines were generated in our lab. Cells were grown as
in Supplemental Material and Methods.

NQO1 and PARP1 knocking out by
CRISPR-Cas9 and siRNA transfection

Vectors of guide RNA sensing NQOI or non-target control
(LV04) and Cas9 expression (CASINEO) were provided by
Sigma-Aldrich, guide RNA targeting sequences are:
AGGATACTGAAAGTTCGCAGGG, CACAATATCTGG
GCTCAGATGG. Plasmid of PARPI CRISPR/Cas9 knockout
(sc-400046) was obtained from Santa Cruz. More information
about generating NQOI and PARPI knock-out cells or siRNA
transfection was shown in Supplemental Material and Methods.
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Cell survival assays

Relative survival assays based on 7-day DNA content
assessments were described as previous report (31). Colony
formation assay were performed using 750 cells/6 cm plate.
Colonies of > 50 healthy appearing cells were counted
normalized to control cells.

Western blotting

Westerns were performed using ECL chemiluminescent
detection. Details were shown in Supplemental Material
and Methods.

ATP, H,O, and NAD* quantification

ATP (CellTiter—Glo® 2.0), hydrogen peroxide (H,0,) (ROS-
Glo™ H,0,), and NAD" (NAD/NADH-Glo™) levels were
assayed at 2 h after treatments according to the protocol
(Promega, Madison, WI).

Comet and immunofluorescence assays
and immunohistochemistry staining

For comet assay, slides were stained with SYBR® Gold TE
solution and captured using a Leica DM5500 microscope. Comet
tail lengths were quantified by NIH Image J. For YH2AX and
RADS5I foci, drug-treated cells were immunofluorescence stained
and imaged on a Leica DM5500 fluorescent microscope and
quantified for foci/nucleus. For Immunohistochemistry staining,
see the information in Supplemental Materia and Methods.

Annexin-V FITC/7-AAD assay

Cells treated with drugs were harvested and washed with 1x
PBS. 1 x 10° cells were resuspended in 100 uL staining buffer and
stained with both Annexin-V FITC and 7-AAD dye for 10 min
according to manufacturer’s protocol. After that, 400 pL staining
buffer was added to run flow cytometry. The apoptosis events
were analyzed by FlowJo 10 software.

O, consumption rate assay

O, consumption rate was measured using Seahorse 96-well
plates in conjunction with an XF96 sensor cartridge and XF96
Extracellular Flux Analyzer (Agilent Technologies, DE)
according to the manufacturer’s instructions.
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Antitumor efficacy and
pharmacokinetic studies

Antitumor and survival were performed using orthotopic
NSCLC A549 or pancreatic-specific MiaPaCa-2 xenograft-
bearing NOD/SCID mice. Pharmacokinetic study was done
using orthotopic NSCLC A549 xenograft-bearing NOD/SCID
mice. All animal procedures were approved by the Indiana
University JACUC committee. Bioluminescence (BLI)-based
tumor volumes, long-term survival and target validation assays
were performed with log-rank tests for survival.
Pharmacokinetics (PK) of rucaparib or KP372-1 levels in
blood, tumor, liver, and brain were assessed by LC-MS/MS
analyses, following extraction of plasma or tissue homogenates
with acetonitrile. More details on establishing orthotopic models
and collecting samples for PK of rucaparib or KP372-1 assay
were shown in Supplemental Material and Methods.

Synergy calculations

Synergy interactions between the two drugs were evaluated
using two methods (1): direct comparisons made between the
effect of combined treatments and the effect of individual drugs
in each experiment (Figures 1E, F, 3A, S1G-], R); and (2) formal
synergy effects evaluations used a strict method proposed by
Chou and coworkers (32, 33), where pooled, multiple dose
responses for each treatments were required. Values (1)) were
reported based on multiple dose-response data from studies in
Figures 1E, F, 3A, S1G, S1H, S1], S1J and S1R. We tested drug-
drug interactions for three pairs: KP372-1 + rucaparib, KP372-1
+ olaparib, and KP372-1 + talazoparib, all of which showed
highly significant effect of synergy (n = 0.472, P = 0.004; 1 =
0.453, P = 0.002; n = 0.613, P = 0.009, respectively). For in vivo
studies rucaparib + KP372-1 synergy showed an 1 value of 0.82,
with p values indicated on graphs.

Statistical analysis

The data were represented as mean = SD from three
independent experiments. Two-tailed Student’s t-tests for
independent measures with Holm-Sidak correction for multiple
comparisons, if > 1 comparisons, were performed. Statistical
analyses were performed in GraphPad Prism 8 (GraphPad
Software, Inc. CA, USA). Images were representative of results
of experiments or staining repeated 3 times. p value of < 0.05 was
considered as statistically significant between compared groups.
*P < 0.05, **P < 0.01, and **P < 0.001.

Frontiers in Oncology

04

10.3389/fonc.2022.976292

Results

KP372-1 enhances the lethality
of PARP inhibitors in an
NQO1-dependent manner

We examined PARPI mRNA expression in matched pan-
cancer tumor tissues in the TCGA database and found that
PARPI mRNA expression was elevated in 14 types of cancers (e.
g., breast cancer (BRCA), ovarian (OV); blue color), and
exhibited no significant change in 16 types of cancer (e.g., lung
adenocarcinoma (LUAD), pancreatic cancer (PAAD); black
color) compared to associated normal tissues (Figure 1A). We
then examined clinical patient samples from our institution
(Indiana University Melvin and Bren Simon Comprehensive
Cancer Center Tissue Bank) and also demonstrated high PARP1
expression in breast cancer and low PARP1 expression in lung
cancer (Figures 1B, C and Figures SIB-E). Additionally, the
correlation analysis from the same TCGA pan-cancer data
showed that PARPI expression strongly correlated with AKT]
expression (Figure 1D). These findings together with previous
reports (9, 34) suggest the possible efficacy of combining PARPi
treatment with an AKT inhibitor in low PARP1 expressing
solid cancers.

Our previous studies have revealed that the non-toxic dose
(> 90% survival) of PARP inhibitors was 15 uM for rucaparib,
olaparib and veliparib, and 1.25 uM for talazoparib in A549
NSCLC cells (21). To test the potential efficacy of combining
PARPi with KP372-1, we examined the synergistic effect of
various PARPi with KP372-1 in A549 NSCLC cells that have
low PARP1 expression (Figure S1F). We found that treatment
with the PARP inhibitors rucaparib and olaparib, each at 15 uM
or talazoparib at 1.25 uM dramatically increased the sensitivities
of A549 cells to sublethal doses of KP372-1 compared to 15 uM
veliparib (Figure 1E). Dose-response studies for each PARP
inhibitor confirmed that optimal synergistic lethality with
KP372-1 was noted at 15 uM for rucaparib and olaparib, and
at 1.25 uM for talazoparib. Veliparib was the least potent and
effective PARP inhibitor for synergy with KP372-1 (Figures
S1G-J). Synergy effects were calculated for KP372-1 +
rucaparib, KP372-1 + olaparib and KP372-1 + talazoparib at
eta (n) values of 0.472, 0.453 and 0.613, respectively (32, 33).
Dicoumarol (DIC, an NQOI specific inhibitor) prevented all
synergy responses (Figures SI1G-J). We chose rucaparib for
further studies since clinical-grade formulation was available.
Since the cancer toxicity of KP372-1 has been reported to have a
potential dependence on NQOI1 expression (26), we next
examined the efficacy of combining the PARPi rucaparib with
KP372-1 in NSCLC, pancreatic cancer, and breast cancer cells,
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FIGURE 1

KP372-1 enhances the lethality of PARP inhibitors in various cancer cells and depends on NQO1 activity. (A) PARP1 mRNA expression in matched
pan-cancer tumor tissue. Data were from TCGA and analyzed with GEPIA web server. Red color indicates tumor sample; green indicates associated
normal patient sample; blue color suggests up-regulation of PARPI; light blue indicates down-regulation of PARP1; black indicates normal
expression of PARP1. "*" (in red color) shows the representative cancer types we are focused of this article, which have normal PARP1 expression.
(B, C) Representative IHC staining of PARP1 in breast (B) and lung (C) cancer patient samples or associated normal tissues. (D) Correlation between
AKT1 and PARP1 in patient data obtained from TCGA. (E) Cell viability of combination treatment of KP372-1 with various PARP inhibitors in NSCLC
A549 cells. (F, G) Cell viability of combination treatment of KP372-1 with rucaparib + DIC in NSCLC A549 (F) and pancreatic cancer MiaPaCa-2 cells
(G). (H, 1) Cell viability of combination treatment of KP372-1 + rucaparib in NQOI1-knockout A549 (H) and MiaPaCa-2 (1) cell lines. (J, K) Cell viability
of combination treatment of KP372-1 + rucaparib in MDA-MB-231 (J) and stable NQOI expressing MDA-MB-231 (K) cell lines. (E=K) Cells were
pre-treated + rucaparib or other PARP inhibitors for 2 h, then exposed to KP372-1 + rucaparib or other PARP inhibitors for 2 h, followed by washing
and replacing fresh media, Cell viability was determined by DNA assay 7 days later. Data are shown as mean + SD, each experiment was done three

independent times. Scale bar indicates 110 um. (E-G) ***P < 0.001, comparing each data point with KP372-1 treatments (t tests).

which were reconstituted or knocked out for NQO1 expression,
treated with or without dicoumarol (Figures 1F-K). A549
NSCLC and MiaPaCa-2 pancreatic cancer cells expressing
significant KRAS-driven NQOL levels were hyper-sensitive to
treatment with the PARPi rucaparib + KP372-1, but this
sensitivity disappeared when the cancer cells were treated with
the NQOL1 inhibitor DIC (Figures 1F, G). Conversely, CRISPR/
Cas9-based generation of stable NQOI knockout of A549 and
MiaPaCa-2 cells were significantly resistant to the drug alone or
combination treatment (Figures 1H, I). NQOI deficient triple-
negative breast cancer (TNBC) MDA-MB-231 cells were also
inherently resistant to KP372-1, with or without the PARPi
rucaparib (Figure 1J). By contrast, MDA-MB-231 cells were
rendered hypersensitive to rucaparib + KP372-1 after NQO1
expression was restored but once again became resistant when
treated with DIC (Figure 1K). Furthermore, a similar NQOI-
dependent toxicity was noted in MCF-7 cells treated with non-
toxic dose of rucaparib (0.4 uM) and various doses of KP372-1
(0.025 - 0.2 uM) (Figures SIK, L). The significant synergistic
effect of PARPi + KP372-1 was also confirmed via colony
formation assay in A549 cells (Figure SIM). In all of the above
studies NQOI knockout or re-expression in A549, MiaPaCa-2,
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and MDA-MB-231 cells was confirmed by western blotting
(insert, Figures 1H, I, K). Our previous work demonstrated
that A549, MCEF-7, and MiaPaCa-2 cells harbor different
oncogenic driver or passenger mutations (21). This suggests
that rucaparib + KP372-1 enhanced toxicity in NQOI positive
cancers may be relatively independent of oncogenic
drivers involved.

Inhibition of PARP1 prevents
KP372-1-induced PAR formation
to reverse NAD"/ATP depletion

PARP proteins mediate post-translational PARylation of
substrate proteins involved in processes such as transcription
and DNA damage repair, among which PARP1 plays a
particular important role in sensing DNA SSBs and DSBs (6).
In A549 and MCF-7 cells, a rapid increase and continuous level
of high-molecular-weight PARylated PARP1 protein (PAR-
PARP1) was noted in 5 min after exposure to a lethal dose of
KP372-1 (0.4 - 0.8 uM) alone, when hyperactivated PARPI self-
parylates (Figure S2A). PAR-PARP1 (PAR) formation was a
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dynamic, time-dependent process that lasted approximately 15
minutes in which peak levels occurred at approximately 5
minutes, and was accompanied by the appearance of YH2AX
protein, a marker of DNA DSBs (Figure 2A and Figure S2B). Co-
addition of the PARPi rucaparib (15 uM or 0.4 uM) dramatically
suppressed PAR formation (Figure S2A) and induced
significantly greater amounts of YH2AX protein (Figure 2A
and Figure S2B). Moreover, the synthetic treatment had no
effect on the NQO1 protein expression levels (Figure 2A). To
further confirm whether PARP1 plays an essential role in the
combination therapy of PARPi + KP372-1, CRISPR/Cas9-based

10.3389/fonc.2022.976292

generation of stable PARPI knockout of A549 (Figure S2C) and
shRNA PARPI knockdown of MCE-7 (Figure S2D) cells were
examined for cell viabilities after exposure to various doses of
KP372-1 with or without rucaparib (15 pM or 0.4 pM).
Consistently, enhanced lethality was noted in A549 PARPI-
KO (Figure S2C) and MCEF-7 shPARPI (Figure S2D) cells. The
suppression of PAR formation was confirmed by western blot
analysis and earlier and greater amounts of YH2AX protein was
observed in A549 PARPI-KO cells (Figure 2B). Here we
observed that insertion of vector caused a little bit insensitivity
of A549 cells to KP372-1 resulting in sustained PARylation in
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100 120

PARP Inhibition blocks KP372-1-induced PARP1 hyperactivation and amplifies DNA damage. (A) A549 cells were pre-treated + rucaparib (15 uM,

2 h), then exposed to supra-lethal dose of KP372-1 (0.4 uM) + rucaparib for
were assessed and quantified. (B) A549 PARP1 knockout cells were exposed

indicated times, then PAR, yH2AX and NQO1 expression alterations
to + KP372-1 (0.4 uM) for 5 -120 min, western blot analysis of PAR

and YH2AX formation at indicated time points. (C) A549 cells were pre-treated + rucaparib (15 uM, 2 h), then exposed to KP372-1 (0.2 or 0.4

M) + rucaparib (added at t = 20 min, arrow), and real-time oxygen consum

ption rates (OCRs) were assessed by Seahorse XF analyses. Oligo,

oligomycin. (D) MCF-7 cells were pre-treated + rucaparib (0.4 uM, 2 h), then exposed to KP372-1 (0.08 or 0.4 uM) + rucaparib for 2 h, relative
H,O, levels were assessed. (E, F) cells were pre-treated + rucaparib (2 h), then exposed to rucaparib + KP372-1 for 2 h, relative H,O, levels
were assessed in A549 PARP1-KO (E) and NQO1-KO (F) cells, (G, H) A549 cells were pre-treated + rucaparib (2 h), then exposed to rucaparib +
KP372-1, cells were collected at indicated time points and assessed for: (G) Comet tail-lengths determined by alkaline comet assays; (H) DNA
double strand breaks (DSBs) indicated by YH2AX with immunofluorescence staining. All error bars are means + SD from three independent

experiments. Scale bar indicates 10 um. (D—F) ***P < 0.001 and ns: no signifi
(DMSO) treatments (t tests).
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control cells, which was different from wild type (Figure 2B and
Figure S2C). All together, these data suggest that treatment with
KP372-1 induces DNA DSBs, and PARP1 inhibition results in
the increase of this DNA damage.

PARPI catalyzes polymerization of ADP-ribose units from
donor NAD" molecules on target proteins, resulting in PAR
formation (35, 36). To investigate whether PARPi alters KP372-
1-induced ATP levels, we examined NAD" and ATP levels in
MCEF-7 cells (Figure S2E) or A549 PARPI1-KO cells (Figures S2F,
G) after exposure to sublethal or lethal dose of KP372-1 with or
without rucaparib. Interestingly, exposure of MCF-7 or A549 cells
to a lethal dose of KP372-1 resulted in significant NAD" and ATP
losses, while PARP inhibition by rucaparib or PARPI-knockout
rescued these losses (Figures S2E-G), consistent with suppression
of PARP1 activity/hyperactivation monitored by PAR formation.
Together, these results indicate that inhibition of PARP1
hyperactivation is required to KP372-1-mediated enhanced
synergistic lethality.

PARP inhibition amplifies
NQO1-dependent DNA damage
induced by KP372-1

Previous study has shown that NQOI-dependent futile
redox cycling oxidizes NAD(P)H to create reactive oxygen
species (ROS) very quickly (37). To determine whether KP372-
1 + PARPi affect ROS generation, we examined oxygen
consumption rates (OCRs) and ROS generation by
measurement of H,O, level. As expected, exposure of A549
cells to a sublethal dose of KP372-1 alone (0.15 pM) or in
combination with synergistic doses of rucaparib (15 pM),
resulted in equivalent OCRs, suggesting that these doses of
KP372-1 caused significant cell stress, but cells were able to
keep up with the demand for NAD(P)H/NAD(P)", without
PARP1 hyperactivation. At the higher KP372-1 dose (0.4 uM)
or combined with rucaparib, NQO1 futile redox becomes
exhausted resulting in a decay of OCRs (Figure 2C).
Consistently, the similar results were found in MiaPaCa-2
and MCF-7 cells (Figures S3A, B). Moreover, exposure of
MCE-7 cells to KP372-1 (0.08 or 0.4 puM) * rucaparib
resulted in a significant increase in H,O, levels compared to
untreated group, and DIC suppressed these treatments induced
H,0, production (Figure 2D). Consistently, a similar result
was obtained in A549 cells (Figure S3C). In addition, PARPI
knockout had no significant effect on KP372-1 + rucaparib
induced H,0, levels compared to A549 parental cells
(Figure 2E), while NQOI knockout totally blocked the H,O,
production (Figure 2F), indicating that KP372-1 + rucaparib
induced ROS generation is NQO1-dependent. ROS-induced
cell stress has been suggested to induce DNA damage (38, 39).
We next assessed the total DNA damage using alkaline comet
assay which can detect base damage, SSBs, and DSBs. The
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combination treatment of KP372-1 (0.15 pM) with rucaparib
(15 uM) resulted in a large and statistically significant
enhancement of comet tail length to 40 + 10 a.u. compared
to controls or individual single treatments (Figure 2G). To
determine the specific DNA damage induced by KP372-1 and
the PARPi, we next analyzed Ser139-phosphorylated YH2AX
foci, which are considered to be an early response to DNA
DSBs (40). As expected, exposure of A549 cells to non-toxic
dose of rucaparib or sublethal dose of KP372-1 alone had no
significant effect on YH2AX foci compared with DMSO
treatment, whereas combined treatment with these two
agents resulted in a dramatic increase in YH2AX foci
formation, which was equivalent to the over-lethal dose of
KP372-1-induced foci formation (Figure 2H and Figure S3D).
Together, these results suggest that KP372-1 induces cell stress
via ROS generation resulting in an increase of DNA DSBs and
promotes PARP inhibitor-induced cytotoxicity.

Disturbance of intracellular
calcium homeostasis by
KP372-1 induces AKT hyperactivation

Several studies have shown that ROS regulates calcium
releasing from ER to cytoplasm (41, 42). To determine
whether KP372-1 or combination treatment interrupts
intracellular ion homeostasis, we investigated their impacts on
intracellular calcium using BAPTA-AM, a chelator of
intracellular calcium pool. As hypothesized, a non-lethal dose
of BAPTA-AM pretreatment significantly spared KP372-1- or
combination treatment-induced lethality in NQOI™ A549 cells
(Figure 3A and Figures S4A, B). Next, to further validate the
effect of calcium induced by KP372-1 or combination treatment
on cell growth, we examined PARPI1 activity estimated by
detection of PAR formation, and DNA DSB indicated via
YH2AX, respectively. Consistently, PAR formation and YH2AX
levels were significantly suppressed by BAPTA-AM in A549 and
MCE-7 cells (Figures 3B, C). Together, these data indicate that a
lethal dose of KP372-1 or non-lethal dose of KP372-1 + PARPi
treatment interrupts intracellular calcium homeostasis resulting
in loss of cell growth control and cancer cell death.

AKT activation commonly occurs in human cancers and
promotes PARPi resistance to cancer therapies (8), however,
several reports have demonstrated that transient activation of
AKT or AKT hyperactivation promotes cancer cell death (28-
30). KP372-1 was reported to be a potent AKT inhibitor in
several studies (24, 25). We therefore examined the effect of
KP372-1 or rucaparib alone or combination treatment on AKT
expression. Surprisingly, a 2 h treatment of NQOI" A549 cells
with KP372-1 + PARPI resulted in a dramatic increase in active
AKT phosphorylated on serine 473 within 24 h, and then
gradually returned to normal level by 72 h compared to
untreated cells, and the combination treatment of KP372-1
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and PARPi induced AKT hyperactivation more effectively
compared to KP372-1 treatment alone (Figure 3D). This AKT
hyperactivation observed on western blots was confirmed by the
analysis of confocal fluorescence microscopy (Figure 3E),
although it returned to normal level more quickly in the
confocal images compared to western blot analysis
(Figures 3D, E and Figure S4C). Furthermore, PARPI
knockout had no effect on KP372-1 + rucaparib induced AKT
hyperactivation compared to A549 parental cells (Figure S4D),
while NQOI knockout significantly suppressed the AKT
hyperactivation (Figure S4E). The non-lethal dose of PARPi
rucaparib only induced a slight AKT activation (Figure S4F). In

10.3389/fonc.2022.976292

addition, treatment with BAPT-AM partially blocked the AKT
hyperactivation in A549 or MCF-7 cells (Figure 3F), suggesting
AKT is a downstream of calcium signaling. We also knocked
down AKT by siRNA to investigate whether AKT expression
affects KP372-1-induced ROS formation. As shown, silencing
AKT did not affect ROS generation compared to scramble group
under treatment with KP372-1 + PARPi (Figure 3G). To verify
whether KP372-1 inhibits AKT activation, A549 or MCF-7 cells
were exposed to KP372-1 + PARPi for 24 h. Consistent with
other reports (24, 25), western blot analysis showed that AKT
levels were efficiently repressed either in A549 or MCF-7 cells
(Figure S4G). Together, our findings suggest that the transient
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FIGURE 3

KP372-1 causes Ca®* releasing and AKT hyperactivation to enhance the lethality of PARP inhibitor. (A) Relative survival assay in A549 NSCLC
cells treated with BAPTA (5 uM) under conditions of KP372-1 + rucaparib. Cells were pre-treated + rucaparib (15 pM) for 1 h, then added +
BAPTA (5 pM, 1 h), and then exposed to KP372-1 + rucaparib + BAPTA for 2 h, followed by washing and replacing media, cell viability was
assessed 7 days later. (B, C), PAR and yH2AX alterations were assessed and quantified in A549 NSCLC (B) and MCF-7 cells (C). (D, E) A549 cells
were pre-treated + rucaparib (15 pM, 2 h), then exposed to KP372-1 + rucaparib for 2 h, followed by washing and replacing media, cells were
collected at indicated time points and assessed for: (D) Levels of pAKT**”3 and total AKT (t-AKT), and bottom panel showed quantification of
PAKT**%; (E) Fluorescence image of pAKT**3. (F) Cells were treated as (B, C) then pAKT**’* levels alterations were assessed and quantified in
A549 NSCLC and MCF-7 cells. (G) MCF-7 scramble and siAKT1/2 cells were treated as (D) then cells were collected at 2 h and relative H,O5 in
MCF-7 cells were determined. Results were separately repeated at least three times, AKT knockdown efficiency for (E) was confirmed by
Western blot in (G). All error bars are means + SD. (A) *** P < 0.001, comparing each data point with KP372-1 alone treatments (grey color) (t
tests). (F), *** P < 0.001 and ns: no significant, comparing each group with control (DMSO) treatments (t tests).
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hyperactivity of AKT is required for the synergistic lethality of
KP372-1 with PARP inhibitors in cancer cells.

KP372-1 treatment overcomes PARP
inhibitor resistance via inhibiting
FOXO3a/GADD450 pathway

It has been suggested that PARPi activate AKT to induce
resistance in cancer therapies (8), however, constitutive
activation of AKT or AKT hyperactivation inhibits FOXO,
leading to myeloid maturation and subsequent cell death in
acute myeloid leukemia (AML) cells (29). FOXO3a, a member of
the FOXO subfamily of forkhead transcription factors, plays a
pivotal role in cellular stress responses and is implicated in DNA
repair inhibition via downregulation of the growth arrest and
DNA-damage-inducible protein 45 alpha (GADD45a)
expression (43, 44). Therefore, we hypothesized that
hyperactivation of AKT induced by KP372-1 could inhibit
FOXO3a/GADD450. pathway and thereby potentially
overcome PARPI resistance. To test that hypothesis, we first
examined the effect of sublethal (15 pM) and lethal (50 uM)
doses of rucaparib on the expression of AKT, FOXO3a and
GADD450. over time. Western blot analysis showed that both
doses of rucaparib increased the expression of these proteins
after 24-72 h treatments, suggesting a potential recovery of DNA
repair (Figure 4A and Figures S5A-C). Next, we examined the
impact of KP372-1 or KP372-1 + PARPi on the expression of
FOXO3a and GADD450 over time. As hypothesized, the
combination treatment of KP372-1 (0.15 pM) with rucaparib
(15 uM) or lethal dose of KP372-1 (0.4 pM) alone significantly
inhibited the expression of FOXO3a and GADD45a. over time,
while a sublethal does of KP372-1 (0.15 pM) alone caused
minimal changes in the expression of these two proteins
(Figure 4B and Figures S5D-F). We then knocked down AKT
by siRNA to investigate whether AKT expression affects KP372-
1 £ PARPI treatment-induced FOXO3a/GADD450. inhibition.
The analysis of western blot and confocal fluorescence
microscopy data showed that siRNA-mediated knockdown of
AKT efficiently recovered FOXO3a/GADD450. expression to
basal levels of untreated cells (Figures 4C, D and Figures S5G,
H), and completely abolished KP372-1 +
YH2AX levels and reduced RAD51 expression, indicating a
reduction in DNA DSBs (Figures 4C, E, F). Finally,
knockdown of FOXO3a expression by siRNA had no effect on
KP372-1 * rucaparib-induced AKT hyperactivation (Figures 4G,
H). To further confirm the role of FOXO3a/GADD450 in
KP372-1 + rucaparib induced cell death, we knocked down
FOXO3a and GADD45c to assess cell viability. As expected,
silencing FOXO3a or GADD450: significantly increased KP372-
1+ PARPi-induced cell death (Figure 41 and Figure S5I).
Together, all the above data suggest that KP372-1-induced
transient AKT hyperactivation inhibits the downstream

rucaparib induced
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pathway of FOXO3a/GADD450. that blocks DNA repair and
thereby overcomes PARP inhibitor resistance.

Combination treatment of KP372-1 with
PARP inhibitor induces cancer cell
autophagy and apoptosis

Since non-lethal dose of combination treatment of KP372-1
with PARPi resulted in enhanced lethality (Figures 1E-K and Figure
S1L), we investigated the cell death pathways being activated by this
lethal combination treatment. Several studies suggest that KP372-1
induces apoptosis in acute myelogenous leukemia and head and
neck cancer cells (24, 25). In our study, flow cytometry analysis
revealed that a non-lethal dose of KP372-1 (0.15 uM) or rucaparib
(15 uM) alone had no apparent effect on A549 cancer cell growth,
while this combination treatment or a lethal dose of KP372-1 (0.4
pM) caused significant apoptosis induction (Annexin-V*/7ADD")
by 48 h (Figure 5A). In addition, typical caspase-mediated cleavage
of caspase-7 proteolysis was observed under the conditions of a
non-lethal dose of KP372-1 with rucaparib or a lethal dose of
KP372-1 treatment by 24 h in A549 and MCEF-7 cells (Figures 5B,
C). However, data from several investigators indicate that there are
multiple cell death pathways activated in cancers and even multiple
pathways occurring simultaneously in the same cell (45, 46). We
have clear evidence of apoptosis being induced in our system but
another pathway that can be induced by oxidative stress is
autophagic cell death (47). To investigate whether our treatments
induce autophagy, we examined the protein levels of microtubule-
associated protein 1A/1B-light chain 3 (LC3), especially LC3-
phosphatidylethanolamine conjugate (LC3 II), a widely used
marker to monitor autophagy and autophagy-related processes
(48). We found that low dose of KP372-1 (0.15 pM) induced the
elevated LC3 II after 72 h treatment in A549 cells, while rucaparib
was added with 0.15 uM KP372-1, LC3 II up-regulation was noted
after 2 h treatment and sustained for 72 h (Figure 5D). Combined
exposure of these two agents was not statistically different from
exposure to a lethal dose of KP372-1 (0.4 uM) (Figure 5D). Since
LC3 II accumulation could be due to either autophagy induction or
inhibition of autophagic flux, we further examined the change of
p62 protein. The p62 protein, a classical receptor of autophagy, is
itself degraded by autophagy in lysosome and accumulates when
autophagy is inhibited (49). We found that exposure of A549 cells
to either KP372-1 (0.15 or 0.4 pM) or combination treatment
induced a reduction of p62 levels (Figures 5D, E), while co-addition
of KP372-1 + rucaparib with Bafilomycin Al (Baf A1), which used
as an inhibitor of autophagosome-lysosome fusion to determine the
activity of autophagic flux (50), caused both p62 and LC3 II
accumulation (Figure 5E), indicating an autophagy induction by
KP372-1 + rucaparib treatment. Together, these data suggest that
KP372-1 + PARPi treatment appears to induce autophagy and then
either switches to or is accompanied by induction of apoptosis and
cell death.
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KP372-1 inhibits DNA repair to overcome resistance of PARP inhibitor. (A) A549 NSCLC cells were treated with rucaparib (15 uM or 50 pM) for 4 h,
followed by washing and replacing fresh media, then cells were collected at indicated times and assessed for: pAKT**%, FOXO3a, and GADD45¢.
alterations. (B—G) Cells were pre-treated + rucaparib (15 uM, 2h), then exposed to KP372-1 + rucaparib (15 uM) for 2 h followed by washing and
replacing media, cells were collected at indicated timepoints and assessed for: (B) FOXO3a and GADD450: levels in A549 cells; (C) pAKT**/3, t-AKT,
FOXO3a, GADD450, and YH2AX alterations in A549 scramble and siAKT1/2 cells; (D) Fluorescence images of FOXO3a alterations in A549 scramble and
SiAKT1/2 cells; (E) Quantification of RAD51 foci per nuclei in A549 scramble and siAKT1/2 cells; (F), Immunofluorescence staining of RAD51 expression in
A549 scramble and siAKT1/2 cells; (G, H) The expression and quantification of pAKT**”® in A549 scramble and siFOXO3a cells. (I) A549 scramble and
SiFOXO3a cells were pre-treated + rucaparib (15 uM, 2h), then exposed to KP372-1 + rucaparib (15 uM) for 2 h followed by washing and replacing
media, cell viability was assessed after 7 days. The efficiency of FOXO3a knockdown was confirmed by Western blot analysis. All results were separately
repeated at least three times. AKT knockdown efficiency for (D—F) was confirmed by Western blot shown in (C). Scale bar indicates 25 um (D) and 15
pm (E) respectively. Error bars are means + SD. (F) * P<0.05, **P < 0.01 and *** P<0.001, comparing each group with control (DMSO) treatments (t
tests). (H) **P < 0.01, comparing each data point with KP372-1+ rucaparib treatments in A549 scramble cells (red color) (t tests)

Frontiers in Oncology

10

frontiersin.org


https://doi.org/10.3389/fonc.2022.976292
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Jiang et al.

A549
DMSO Rucaparib (15 uM) KP372-1 (0.15 uM)
4.]Q1 Q2 alel] Qz 4]Q1 Q2
10" 1057 051 | 10" T044 015 | 197163 050
103 & 1073 103
) 60
102 | 10° = ﬂ)z
1 3 1
10 304 Q3 0 Q4 Q3 10 Q3
7.1 17 i 4
W8 9 | 0056 08 | o s 40
m°m‘ 102 103 m“ 105 mﬂ 10! 102 m3 104 105 m" 101 102 103 10 105

7-AAD

KP372-1+Rucaparib KP372-1 (0.4 uM) STS (1 uM)

Annexin V*/7-AAD" (%)
o
3

0
Post-treatment (48 h)

10.3389/fonc.2022.976292

D
A549

KP372-1 (0A5UM): - - + + + - - - - + + +
KP372-1 (0.4 pM): - - - s
Rucaparib (15 pM): -+ AL

@

Time(h): 0 722 2472224720 2 2472

B e

N DMSO

o T
T = Rucaparib (15 uM) LC3 1| o e
o e oas i P2 — - — ]

= KP372+Rucaparib

* KP372 (0.4 yM) fractin [ e s e s |
STS (1 M) B KP372-1(0.15 uM)

oox B KP372-1 (0.4 uM)

0.8l KP372-1 + Rucaparib 1.0

4
o

LC3 Il Protien Levels
(Normalization of Actin)
°
I
(unoy Jo uopezileuwlioN)
sjens) uisjoid zod

1no1u1 mz 103 10 10° 1u‘j 10" m2 |03 10° 10° mﬂ m' ﬂ'l2 103 m‘ 1!15
Annexin-V FITC 02
0.0
B £ SaSpS®  PaSa®
A549 i
@ B KP372-1 (0.15 uM) Time (h)
KP372-1 (015 M) - - + + + - + + + - - - o B KP372-1
Rucaparib (15 uM): B B I 5. +Rucaparib A549 (24 h)
KP372-1 Q4 pM): - = - - - - - B o _5-% 1.0~ KP372-1 (0.4 uM) KP372-1 (015 uM): - + + + + - - -
Time(h): 0 722 24720 2 2472 22472 {3 §§ 08 KP372-1 (0.4 uM): - - + o+ -
e % s = o il : = - - - R
PARP1| ~ € os Rucaparib (15 uM): - + + :
[t ———— < Baf A1 (0.05 uM): + + +
— i B
©
Caspase-7 QE 04 Lcs3 i — =
Cleaved Caspase-7 gzs 02 P62 |
X o< 0.0 " -
L — e g 00 P-actin |w e == = = == == ——|
[5) Time (h) == DMSO B KP372-1 (0.15 uM) + Rucaparib
Bl BafA1 (0.05 M) KP372-1 + Rucaparib +Baf A1
C B KP372-1(0.15 M) M KP372-1 (0.4 pM)
MCF-7 3 g
“ B KP372-1 (045 M) fpasaﬁ: (0.15uM) W KP372-1 (0.4 pM) + Baf A1
KP372-1 (0.08 (M): - - + + + - + + + - - - [} B KP372-1 —~ 3 1.0
Rucaparib (0.4 pM): - + - - - + + + + - - - S’E + Rucaparib 2 % =
KP3TZ-1 Q4uM) - - - - - - - - -+ + + @ BF 1.0+ KP372-1 (0.4 uM) 32 I o_agg
Time(h): 072 22472 0 2 2472 224725 B g =5 I [
5 0 5 06 §
Caspaseﬂ!..-.'..‘.'-___~ &: 06 223 g.%
FEE-EEEEES 38 ° 28 0485
Cleaved . | SN 04 = g 1 27
Caspase7| o & e 5 € 02 Qs l | °2Eg
s < 5
B-acﬁn‘_—--——————--"‘ o2 0 T T T T T 002
g= 00 ° ° ° °
g 28008 < O
© Time (h) Time (h)

FIGURE 5

Combination of KP372-1 with PARP inhibitor induces cell autophagy and cell apoptosis. Cells were pre-treated + rucaparib (0.4 uM or 15 uM, 2
h), then exposed to KP372-1 + rucaparib or KP372-1 + rucaparib + Bafilomycin Al (Baf Al) for 2 h followed by washing and replacing media;
cells treated with Baf Al (0.05 pM) were kept with Baf Al for 24 h; positive control cells were exposed to Staurosporine (STS, 1 uM) for 18 h;
then cells including debris in media were finally collected at indicated timepoints and examined for: (A) Annexin-V/7-AAD staining to determine
cell death way via flow cytometry, early apoptosis part indicated by Annexin-V*/7-AAD" was quantified on the left pannel; (B) PARP1 and
cleaved caspase 7 alterations in A549 cells; (C) Levels of cleaved caspase 7 in MCF-7 cells; (D, E) LC3 I/Il and p62 levels in A549 cells. Results
were separately repeated at least three times and protein levels were quantified. (A) Error bars are means + SD. ** P < 0.01 *** P < 0.001,

comparing each group with control (DMSO) treatment (t tests).

Synergistic treatment enhances
accumulation of both agents in
tumors resulting in super-additive
antitumor activity in orthotopic
pancreatic and NSCLC models

To test the in vivo efficacy of the KP372-1 + PARPi
treatment, we established orthotopic NSCLC tumor xenografts
by injecting ~1x10° A549-Luciferase cells per mouse by tail vein
into NSG mice. After 7 days, mice were randomly divided into
different groups (n = 5/group) and treated with vehicle (HPBCD,
intravenously [i.v.], tail vein), HPBCD-KP372-1 (16 mg/kg, i.v.)
or rucaparib (10 mg/kg, Intraperitoneal [i.p.]) alone, or
rucaparib (10 mg/kg, ip.) 2 h prior to KP372-1 (16 mg/kg,
iv.). Treatments were given every other day, for a total of 5
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treatments. Mice were then monitored for changes in tumor
volumes (Figure 6A), weight loss (Figure S6A), overall survival
(Figures 6B, C), and NAD" loss (Figure 6D). Bioluminescence
imaging (BLI) and overall survival showed that non-toxic dose of
rucaparib had no significant effects on tumor-growth
suppression, while KP372-1 alone resulted in decreased tumor
growth and enhanced the survival rate of human A549 tumor-
bearing mice, although all mice succumbed to tumor burden by
day 72 (Figures 6A, B). In contrast, mice treated with KP372-1 +
rucaparib showed enhanced antitumor activity and significant
survival benefit compared to these two single agents alone
(Figures 6A, B). To test for NQOI dependence on this
enhanced in vivo toxicity, we established xenografts with A549
NOQI-KO cells in NSG mice and treated them with either
KP372-1 treatment alone or with KP372-1 + PARPi
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FIGURE 6

KP372-1 synergizes with PARP inhibitor against orthotopic A549 and NQO1-KO NSCLC xenografts. (A—C) Orthotopic A549 and NQOZ1 knockout
(A549 NQO1-KO) tumors were established in 20-22 g female NSG mice by injecting 1 x 10° (A549) or 1.1 x 10° (A549 NQO1-KO) cells/mouse
into lung via intravenous tail vein. After two weeks, mice were treated with/without rucaparib (10 mg/kg, i.p.) for 2 h followed by HPBCD
(Vehicle) or HPBCD-KP372-1 (KP372-1) (16 mg/kg, i.v.) every other day for 5 injections. Experiments were repeated at least two times, n = 5/
group. Images of representative mouse tumors at indicated times and quantified tumor volumes (right panel). (B) Kaplan-Meier survival curves of
A549 orthotopic mice. (C) Kaplan-Meier survival curves of A549 NQO1-KO orthotopic mice. (D) Orthotopic A549 tumor-bearing female NSG
mice (n = 3/group) were treated as in (A) and sacrificed at 2 h, relative NAD™ levels of tumor tissues were determined. (E) Pharmacokinetics (PK)
of KP372-1 in orthotopic A549 tumor-bearing female NSG mice (n = 3/group) treated as in (A) and sacrificed at indicated times. (F) summary
description of this study. Data are shown as mean + SD. *P < 0.05, **P < 0.01, and ***P <0.001, ns: no significant, comparing each data point
with those of vehicle treatments determined by unpaired Student's t-test (A, D, E) or log-rank test in (B, C). (B) Synergy values (n = 0.82) were
reported based on multiple dose responses, or on comparative p values indicated.

combination treatment and observed no enhancement of
KP372-1 + rucaparib in tumor killing and no increase in
survival (Figure 6C), suggesting that KP372-1 alone or KP372-
1 + rucaparib mediated antitumor efficacy is dependent on
NQOI in vivo. In addition, we found that treatment with
KP372-1 alone caused a dramatic decrease in NAD" levels, but
treatment with KP372-1 + rucaparib did not decrease NAD®,
which is consistent with our observations in vitro (Figure 6D).

To investigate whether similar in vivo survival benefits could
be achieved in another human cancer model, we established
pancreatic orthotopic tumors in NSG mice by directly injecting
~1x10° MiaPaCa-2-Luciferase cells into pancreas. Similar
improved antitumor efficacies were noted in KP372-1 alone or
rucaparib + KP372-1-treated mice, and the combination
treatment dramatically extended mouse life span compared to
KP372-1 treatment alone (Figures S6B, C). No significant mice
weight losses were observed in these two models (Figures S6A,
D), indicating the doses of these agents had no overt toxic eftects
on mice.

To investigate whether KP372-1 combined with rucaparib
affects the individual pharmacokinetic (PK) profiles of the two
drugs, we tested the drug PKs in the tumor, plasma, liver, and
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brain of A549 NSCLC orthotopic tumor bearing mice. The
treatment doses and schedules were defined according to the
maximum tolerated doses (MTD) determined in the model used
for this study. PK analyses revealed no alterations of KP372-1
concentrations in blood (plasma), brain, or liver of mice treated
with KP372-1 combined with rucaparib compared to KP372-1
treatment alone (Figure 6E and Figure S6E). However, the
combination treatment significantly increased the KP372-1
concentrations in tumor tissues compared to single-agent
treatment (Figure 6E), and rucaparib levels were significantly
elevated in tumor compared to plasma or brain tissue over time
(Figure S6F), which has also been reported by Murray et al. (51).
These data suggest that KP372-1 or PARP inhibitor rucaparib
alone moves to target tissues with limited efficiency, while
combination treatment efficiently enhances accumulation of
both drugs to tumor tissues.

Discussion

Recent studies suggested KP372-1 as a promising and potent
NQO1I-dependent anti-tumor agent that induced dramatic ROS
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generation and DNA damage, leading to PARP1 hyperactivation
and a decrease in NAD*/NADH redox state, which suppressed
tumor cell growth in vitro and in vivo (26, 27). In this study, we
show that combining PARPi with KP372-1 leads to synergistic
antitumor effect with non-toxic doses of both drugs in NQOI
overexpressing cancer cells. KP372-1 + PARPi treatment results
in robust, NQOI-dependent, tumor-selective induction of DNA
DSBs, autophagy and apoptosis both in vitro and in vivo.
Mechanistically, as shown in Figure 6F, KP372-1 is reduced by
NQOL1 in the presence of NAD(P)H, resulting in superoxide
(ROS formation), which then induces calcium releasing into
cytoplasm and DNA damage. The increased calcium
concentration in cytoplasm and ROS production promotes
AKT hyperactivation that blocks DNA repair via inhibition of
the FOXO3a/GADD45a pathway. This results in the
accumulation of DNA damage and PARP1 hyperactivation
which leads to NAD*/ATP loss and the cells undergo a
caspase-mediated apoptosis and autophagy. However, when
KP372-1 combines with PARPi (rucaparib), the PARPi blocks
the KP372-1-induced PARP1 hyperactivation and rescues
NAD'/ATP depletion, resulting in more DNA damage and
higher AKT hyperactivation. This AKT hyperactivation further
inhibits FOXO3a/GADD450. pathway resulting in even greater
DNA DSBs induction, and cells undergo tumor-selective and
NQOI-dependent autophagy and apoptosis.

Here, we show that KP372-1 combined with PARPi resulted
in enhanced toxicity and synergistic killing of NQOI" cancers
through a robust ROS induction and enhanced DNA
damage response. Interestingly, cells exposed to KP372-1
exhibited dramatic and transient activation of AKT
(AKT hyperactivation) instead of AKT inhibition. AKT
hyperactivation is suggested to sensitize cells to ROS-induced
apoptosis (28, 30). Growing evidence implies that multiple cell
death pathways can occur in parallel in cancer cells (45, 46). In
our study, we found that exposure of NQOI™ cancer cells to
KP372-1 alone caused PARP1 hyperactivation and NAD*/ATP
depletion, and cells underwent autophagy and capase-7
dependent apoptosis, while exposure of these cells to KP372-1
+ PARP inhibitor rucaparib induced elevated ROS formation
and inhibition of DNA repair resulting in rapidly autophagic
and apoptotic cell death (Figures 2G, H, 4E, 5B-E, and Figures
S2E-G). Furthermore, we show that KP372-1 was ten-fold more
potent to kill NQOI-positive cancer cells (IC50: 0.017 puM vs. 2
uM) compared to other NQOLI bioactivatable drugs, such as 3-
lapachone (Figures 1E, F and Figures S1G, M) (21). Similar to -
lapachone, KP372-1 exhibited little dependence on specific
oncogenic driver or passenger mutations (21). MCF-7, MDA-
MB-231- NQOI*, and MiaPaCa-2 cells, which have wild type vs
mutant p53 and KRAS, respectively, were equally sensitized to
KP372-1. This relative lack of dependence on specific oncogenic
drivers has the potential to expand the efficacious use of KP372-1
in NQO1" solid cancers.
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Our data clearly demonstrate that KP372-1 + PARPi-
enhanced tumor-selective toxicity occurs in NQOI* cancer
cells. Wild type MDA-MB-231 and A549 NQOI-KO cells,
which have no or undetectable NQO1 expression, were
resistant to KP372-1 + PARPi treatment. The synergy of
KP372-1 + PARPi that increased efficacy in killing NQOI*
cancer cells and enhanced KP372-1 effects on cancer cell death
occurred through AKT hyperactivation and induction of
increased DNA damage, and the combination therapy caused
more autophagic cell death than KP372-1 treatment alone
(Figure 5D). Interestingly, the enhanced toxicity and synergy
observed with the non-lethal dose of KP372-1 and PARPi took
time to develop were not immediately evident compared to
lethal doses of KP372-1.

Our data indicate that the combination treatment of KP372-
1 with PARPi has strong translational potential. While ongoing
clinical trials of PARPi treatment have demonstrated promise in
HR-deficient breast and ovarian tumors and recently been
expanded to other solid tumors (52-54), the high rate of
PARPi resistance has dampened the initial enthusiasm.
Therefore, identifying potential drugs to overcome PARPi
resistance is imperative. Several studies have shown that
PARPi resistance involves enhanced DNA repair and cell cycle
progression (3, 4). In this study, we reveal that PARP1i resistance
may involve recovery of DNA repair via AKT/FOXO3a/
GADD45a pathway, and that treatment with KP372-1 blocked
this pathway and efficiently overcame PARPi resistance. Based
on our preclinical studies in vivo, the synergistic antitumor
activity we observed in vitro was confirmed in NSCLC and
pancreatic cancer mouse tumor models which significantly
improved overall survival of the mice treated with the KP372-
1 + PARPi combination with no increase in toxicity to normal
tissues. High dose of KP372-1 (25 mg/kg) treatment caused
extremely low side effect of methemoglobinemia (i.e., labored
breathing, lethargy in 45 min) compared to B-lapachone, and
KP372-1 + PARPi showed no signs of methemoglobinemia.
Moreover, pharmacokinetics analysis reveals that the KP372-1 +
PARPi combination therapy enhanced the accumulation of both
agents in tumors (Figure 6E and Figures S6E, F), while B-
lapachone + PARPi only increased the PARPi but not B-
lapachone concentration in tumors (21), suggesting that
KP372-1 may be ideally suited to exploit synergy with DNA
repair inhibitors. Our study indicates that treatment with
KP372-1 is an effective, potential therapeutic strategy to
expand PARP inhibitor clinical utility and to overcome any
developing PARPi resistance.
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