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Abstract

β-Lapachone is a classic quinone-containing antitumor NQO1-bioactivatable drug that directly 

kills NQO1-overexpressing cancer cells. However, the clinical applications of β-lapachone are 

primarily limited by its high toxicity and modest lethality. To overcome this side effect and expand 

the therapeutic utility of β-lapachone, we demonstrate the effects of a novel combination therapy 

including β-lapachone and the proliferating cell nuclear antigen (PCNA) inhibitor T2 amino 

alcohol (T2AA) on various NQO1+ cancer cells. PCNA has DNA clamp processivity activity 

mediated by encircling double-stranded DNA to recruit proteins involved in DNA replication 

and DNA repair. In this study, we found that compared to monotherapy, a nontoxic dose of the 
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T2AA synergized with a sublethal dose of β-lapachone in an NQO1-dependent manner and that 

combination therapy prevented DNA repair, increased double-strand break (DSB) formation and 

PARP1 hyperactivation and induced catastrophic energy loss. We further determined that T2AA 

promoted programmed necrosis and G1/S phase cell cycle arrest in β-lapachone-treated NQO1+ 

cancer cells. Our findings show novel evidence for a new therapeutic approach that combines 

of β-lapachone treatment with PCNA inhibition that is highly effective in treating NQO1+ solid 

tumor cells.
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1. Introduction

Cancer is a common disease that despite treatment advances remains the second leading 

cause of death worldwide which is only exceeded by cardiovascular disease [1, 2]. 

In 2020, more than 1.8 million new cancer cases and 0.6 million cancer deaths were 

projected to occur in the United States, as reported by the U.S. Centers for Disease 

Control and Prevention [3]. Targeted therapy is a therapeutic approach that seeks to 

accurately identify the genetic and biochemical changes in various cancer types and then 

chemically or biologically target these alterations to specifically kill these cancer cells 

[4, 5]. NAD(P)H:quinone oxidoreductase-1 (NQO1) is considered to be one of these 

cancer-specific targets. NQO1 is overexpressed in most solid cancers (e.g., non-small cell 

lung, pancreatic, breast, prostate, colon and head and neck), with very low expression 

in normal cells/tissue [6–10]. β-Lapachone (β-lap, ARQ761 in clinical form) is a classic 

natural naphthoquinone compound that was originally derived from the bark of the lapacho 

tree in Central and South America in the 1960s with potential antineoplastic activity, it 

is bioactivated by the flavo-enzyme NQO1 [11, 12]. It has a wide range of activities, 

including antiviral, antifungal, antibacterial and antitumor properties. β-Lap has been shown 

to be a highly specific, stable and effective antitumor agent, and has been confirmed as a 

first-generation NQO1-bioactivatable drug [13, 14].

Over the last 30 years the mechanism of β-lap antitumor activity has been elucidated and 

shown to involve the induction of a futile NQO1-dependent redox cycle, where the drug 

forms an unstable hydroquinone that spontaneously oxidizes back to the parent compound in 

a two-step oxygenation process [15, 16]. This futile redox cycle results in continual oxygen 

consumption that leads to massive reactive oxygen species (ROS) generation and calcium 

release from endoplasmic reticulum (ER) stores [17]. These cell membrane-permeable 

ROS have been shown to diffuse into the cell nucleus and induce extensive DNA lesions 

including DNA base damage and single and double DNA strand breaks. This DNA damage 

triggers DNA repair mechanisms such as single-strand break repair (SSBR), homologous 

recombination (HR), nonhomologous end joining (NHEJ) and base excision repair (BER) 

[18]. β-Lap induced-ROS can induce PARP-1 hyperactivation at the time of DNA lesion 

accumulation that exceeds the functional DNA repair machinery competence [19, 20]. This 

series of processes facilitates the formation and degradation of the DNA repair protein 
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PARylation (PAR), and in the severe depletion of NAD+/ATP nucleotide levels [21]. NQO1 

overexpressing tumor cells are particularly sensitive to this ROS induction and NAD+/ATP 

depletion induced by β-lap and which results in NQO1 overexpressing tumor cells to 

undergo μ-calpain-mediated caspase-independent programmed necrosis [22]. Therefore, β­

lap and its derivatives have been developed as potential promising targeted antitumor drug 

candidates for a wide range of tumor types to over the last few years [23, 24].

Proliferating cell nuclear antigen (PCNA), a homotrimeric protein complex, plays an 

essential role as a processivity-promoting factor that orchestrates and organizes many 

aspects of key DNA replication and DNA repair processes [25, 26]. First, PCNA, as a 

DNA clamp, needs to load the circular DNA clamp loader replication factor C (RFC) in an 

ATP-dependent manner [27]. With the help of RFC, PCNA encircles double-stranded DNA 

in addition to sliding spontaneously across it [28]. Once bound to DNA, the complex serves 

as a binding platform for recruiting and coordinating multiple regulatory DNA replication 

and DNA repair proteins linked to DNA metabolic pathways [29, 30]. The small-molecule 

PCNA inhibitor T2 amino alcohol (T2AA), a T3 derivative that exhibits little thyroid 

hormone activity, inhibits PCNA functions. The crystal structure of the two-molecule T2AA 

complex with one molecule of PCNA demonstrates that T2AA is bound to the surface 

adjacent to the subunit interface of PCNA and also to the PIP-box binding site that inhibits 

the interaction of PCNA/PIP-box peptide [31, 32].

Although β-lap is a reliable and validated antitumor agent in vitro, to date in vivo translation 

has encountered some limitations and hurdles [9]. A large amount of experimental 

laboratory data shows that while β-lap leads to modest tumor-selective lethality in vitro 
it also triggers acute toxicity in vivo [33]. Mice exhibit severe labored breathing, muscle 

contractions and even immediate death in some cases after β-lap dosing [34]. All of the 

above factors have severely hindered further clinical exploitation and utilization of β-lap. 

We proposed that the antitumor effect of β-lap is closely bound to DNA damage and repair 

processes, and that blocking PCNA activity with T2AA treatment will further inhibit DNA 

repair enhance tumor cytotoxicity [35]. We show here that the combination of low dose 

β-lap with T2AA generates synergistic antitumor effects in non-small cell lung, breast and 

pancreatic cancers.

2. Materials and Methods

2.1. Cell lines and culture

Human non-small cell lung cancer (NSCLC) cells were a generous gift from UTSW-MD 

Anderson SPORE in Lung Cancer. The human pancreatic adenocarcinoma (PDA) cancer 

cell lines MiaPaCa2 and BxPC-3 and the human breast cancer cell lines MCF-7 and MDA­

MB-231 were originally obtained from the American Tissue Culture Collection (ATCC). 

A549 and MDA-MB-231 NQO1-deficient and NQO1-proficient cell lines were generated 

as previously described [7]. All cell lines were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) or RPMI medium supplemented with 10% fetal bovine serum (FBS). 

Cells were incubated at 37°C in a humidified 5% CO2-95% air atmosphere and routinely 

screened to demonstrate that they were free of mycoplasma contamination.
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2.2. Antibodies

The antibodies used for immunofluorescence and western blotting included anti-NQO1 

(1:200, sc-32793, Santa Cruz Biotechnology), anti-PARP1 (1:500, 4338-MC-50, Trevigen), 

anti-β-actin (1:1000, sc-47778, Santa Cruz Biotechnology), anti-PAR (1:200, sc-56198, 

Santa Cruz Biotechnology), anti-cleaved caspase-3 (1:500, 9661S, Cell Signaling 

Technology), anti-cleaved caspase-7 (1:500, 9491S, Cell Signaling Technology), anti-PCNA 

(1:1000, 25865, Cell Signaling Technology), anti-γ-H2AX (1:1000, JBW301, Millipore), 

anti-α-tubulin (1:1000, Santa Cruz Biotechnology), anti-P53 (1:200, DO-1, Santa Cruz 

Biotechnology), and anti-53BP1 (1:1000, NB 100–304, Novus Biologicals).

2.3. Reagents and chemicals

β-Lap (3,4-dihydro-2,2-dimethy1–2H-naphtho[1,2-b] pyran-5,6-dione) was synthesized and 

purified in our laboratory, confirmed by NMR, and dissolved in dimethyl sulfoxide (DMSO) 

at 48 mM, concentrations were verified by spectrophotometry. Other reagents and chemicals 

were obtained from Sigma-Aldrich and included (S)-4-(4-(2-amino-3-hydroxypropyl)-2,6­

diiodophenoxy) phenol hydrochloride (T2AA, SML 0794), dicoumarol (DIC, 287897), 

hydrogen peroxide (H2O2, HX0636), and 2’,7’-dichlorofluorescein diacetate (DCFDA, 

35845).

2.4. Relative survival assays (DNA assay)

A relative survival assay was performed as previously described [36]. Briefly, cells were 

seeded at 1 × 104 per well in 48-well plates and allowed to attach overnight. The cells were 

pretreated with T2AA (20 μM, 2 h) or left untreated and then cotreated with various doses of 

β-lap (2 h) as indicated in the presence or absence of 50 μM DIC. Then, drug-free medium 

was added, and the cells were grown for 5 to 7 days until the control cells reached ∼90% 

confluence. The medium was removed, and the cells were washed with 1× PBS. The PBS 

was discarded, and 250 μL of ddH2O was added to each well. The cells were lysed by a 

freeze-thaw method and stained with 500 μL of Hoechst dye (from a stock of 50 μL of 

Hoechst 33258 (Sigma-Aldrich, 14530) in 50 mL of 1× TNE buffer) and incubated in the 

dark for 2 h at room temperature. DNA content was quantified by fluorescence (460 nm) 

in a Victor X3 Plate reader (Perkin-Elmer, Waltham, MA). Data are expressed as the treated/

control (T/C) ratio from at least triplicate experiments (mean ± SD). Statistical analyses 

methods for all endpoints are described below.

2.5. O2 consumption rate (OCR) assessment

OCR assessments were performed using a Seahorse XF96 analyzer (Agilent Technologies) 

as described previously [16]. Cells were plated at a seeding density of 30000/well in 

Seahorse XF96 cell culture microplates and grown overnight. The following day, real-time 

OCR measurements were monitored using the machine and Seahorse medium containing 

exclusively glucose and glutamine, according to the manufacturer’s instructions. Data were 

analyzed on a Seahorse XF bioanalyzer for 2 h. The results are graphed as the mean ± SD 

from at least three independent experiments for each treatment group and were determined.
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2.6. ROS measurement

The detailed protocol for ROS detection and quantification has been described previously 

[37]. In brief, cells were plated in 6-well plates at 70% confluence and allowed to attach 

overnight. The following day, the cells were treated with appropriate drug treatments, 

followed by treatment with 10 μM DCFDA and incubation for 30 min at 37°C. Then, the 

cells were trypsinized and centrifuged for 5 min at 15000 x rpm and resuspended in 200–500 

μL of ice-cold PBS. Green cell fluorescence was determined by flow cytometry (FCM) 

using a flow cytometer (BD Biosciences) and FlowJo acquisition software. The mean ± SD 

ROS levels from three independent experiments for each treatment group were determined.

2.7. Western blotting

Total protein was extracted from cells, and the protein concentrations of all extractions 

were measured using the Bio-Rad protein assay in conjunction with bovine serum albumin 

standards. Protein samples were fractionated by 7.5%~12% SDS-PAGE and then transferred 

to PVDF membranes [38]. After antibody incubation, western blotting was performed using 

enhanced chemiluminescent detection (SuperSignal West Dura, Fisher 34076), and the band 

intensity in each group was measured with NIH ImageJ software and normalized to that of 

the internal control [39].

2.8. H2O2, ATP and NAD+ quantification

H2O2 (ROS-Glo), ATP (CellTiter-Glo) and NAD/NADH (NAD/NADH-Glo) were assayed 

at the indicated time points during or after treatments using standard chemical assays 

following manufactures’ protocols. (Promega G8820, Promega G9071, Promega G7572).

2.9. PCNA knockdown by siRNA

PCNA-specific siRNA ( CCUUGGCGCUAGUAUUUGAtt, 

GAGUACAGCUGUGUAGUAAtt, GUACCUGAACUUCUUUACAtt, 20 nM, Santa Cruz 

sc-29440. ) or a scrambled siRNA control (20 nM, Thermo Scientific D-001210–01-20) 

was transiently transfected into cells using Opti-MEM and Lipofectamine RNAiMAX 

(Life Technologies) according to the manufacturer’s instructions. Forty-eight hours after 

transfection, the cells were collected for subsequent experiments. Knockdown of PCNA 

protein levels were confirmed by Western blotting [40].

2.10. Immunofluorescence assay

Cells were imaged using a Leica DM5500 fluorescence microscope to evaluate two 

markers of double-strand break (DSB) formation 53BP1 and γ-H2AX foci detected by 

immunofluorescence. The mean ± SD number of 53BP1 and γ-H2AX foci in 50 to 100 

cell nuclei were quantified and graphed for each treatment group [9]. The mean ± SD foci 

number from three independent experiments for each treatment group versus time were 

determined.

2.11. Alkaline comet assay

Alkaline comet assays (Cell Biolabs STA-355) were performed to measure total DNA 

lesions, including DNA bases, single-strand breaks (SSBs), and DSBs, were assessed using 

Su et al. Page 5

Cancer Lett. Author manuscript; available in PMC 2022 October 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



single-cell gel electrophoresis. Slides were stained with SYBR green and visualized by using 

a Leica DM5500 microscope. Comet tail lengths were quantified by NIH ImageJ software. 

Each data point was calculated as an average of 100 cells, and samples were performed in 

triplicate for each treatment group.

2.12. Cell cycle assay

Cells were harvested for controls and each treatment group by trypsin treatment and 

fixed overnight with 100% (v/v) ethanol at −20°C. The cells were then centrifuged, the 

supernatant was removed, and the cells were washed with PBS, suspended in cold PBS, 

and passed through a 27-G needle until a homogenous cell suspension was obtained. Then, 

the cells were resuspended in saponin-based permeabilization buffer, incubated for 30 min 

in a 37°C TC incubator and resuspended in 1× Click-iT cell reaction buffer in a 38°C 

TC incubator for 2–3 h. Finally, the cells were resuspended in a propidium iodide (PI) 

and 5-ethynyl-2’-deoxyuridine (EdU) solution. The final results were analyzed by flow 

cytometry using a flow cytometer (BD Biosciences) and FlowJo acquisition software [9].

2.13. In vivo antitumor studies

The in vivo xenograft model was generated by injecting 2×106 Lewis lung carcinoma 

(LLC) cells into the subcutaneous space on the right flank of C57BL/6 female mice 

weighing ~20g obtained from the Jackson Laboratory. Tumor volumes were measured with 

a caliper and calculated by the formula 0.5×length×width2. When tumor volume reached 

~50–80 mm3, mice were randomly divided into four groups with no statistical differences 

in tumor sizes. Mice were then treated with HPβCD, T2AA (20 mg/kg), HPβCD-β-lap 

(18 mg/kg) or T2AA (20 mg/kg) plus HPβCD-β-lap (18 mg/kg) by intra-tumor injection 

once per day for five consecutive days. Two days later, another five treatments were 

repeated. When tumor volume reached ~2000 mm3, mice were sacrificed and survival curve 

was plotted. All animal studies were carried out under the Indiana University School of 

Medicine Institutional Animal Care and Use Committee (IACUC)-approved protocol and in 

accordance with the guidelines for ethical conduct in the care and use of animals in research.

2.14. Statistical analysis

Data (mean ± SD) were graphed, and ANOVA was used to compare groups. Two-tailed 

Student’s t tests were used for independent measures with the Holm-Sidak correction for 

multiple comparisons if >1 comparison was performed. The minimum replicate size for 

any experiment was n = 3. Alpha was set to 0.05. All statistical analyses were performed 

with GraphPad Prism 8. Images are representative of the results of experiments or staining 

repeated three times. *p < 0.05, **p < 0.01 and ***p < 0.001.

2.15. Synergy calculations

Synergy interactions between β-lap and T2AA were evaluated as previously described using 

two methods: 1) direct comparisons made between the effect of combined treatments and 

the effect of individual drugs in each experiment and 2) formal synergy effect evaluations 

using the strict method proposed by Chou and coworkers, and pooled dose-response curves 

for each of the treatments were required [41].
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3. Results

3.1. The PCNA inhibitor T2AA synergizes with a sublethal dose of β-lap in an NQO1­
dependent manner

The standard approach used to evaluate the antitumor efficacy of β-lap has mainly relied 

on direct NQO1+ cell killing assays [16]. In this investigation, we tested the hypothesis that 

treatment with β-lap and simultaneous inhibition of PCNA will inhibit DNA replication and 

DNA repair, leading to a synergistic effect between PCNA inhibition and β-lap treatment 

in NQO1+ human cancer. We first tested for evidence of synergism between β-lap and 

the PCNA inhibitor T2AA in MCF-7 breast and BxPC-3 pancreatic cancer (PDAC) cells, 

which have high endogenous NQO1 expression (Fig. 1A,B). MCF-7 and BxPC-3 cells were 

pretreated with a nontoxic dose of T2AA (20 μM) for 2 h, followed by cotreatment with 

doses of from 1 to 4 μM of β-lap + T2AA (20 μM) for an additional 2 h (Fig. 1A,B). 

The drugs were removed, and the cells were assessed for survival. T2AA dramatically 

increased the sensitivity of MCF-7 and BxPC-3 cells to sublethal doses at 1 μM of β-lap 

in MCF-7 cells and at 1, 1.5, and 2 μM in BXPC-3 cells (Fig. 1A, B). We then examined 

the effect of combined treatment with T2AA and β-lap on MiaPaCa2 pancreatic, A549 

NSC lung and MDA-MB-231 breast cancer cells with knocked out or reconstituted NQO1 

expression (Fig. 1C–H). MiaPaCa2 PDAC and A549 NSCLC cells expressed high NQO1 

levels and were hypersensitive to the combined T2AA + nontoxic concentrations of β-lap 

(Fig. 1C, E). CRISPR/Cas9-mediated NQO1 knockout in A549 NSCLC and MiaPaCa2 

PDAC cells rendered the cells significantly resistant to the drug alone and combination 

treatment (Fig. 1D, F). MDA-MB-231 breast cancer cells that lack NQO1 expression due 

to a *2 polymorphism were inherently resistant to combined 20 μM T2AA and 1 to 4 μM 

β-lap treatment (Fig. 1G), and reconstitution of NQO1 in MDA-MB-231 cells by exogenous 

over-expression of NQO1 resulted in the appearance of toxicity with combined β-lap and 

T2AA treatment (Fig. 1H). Nontoxic PCNA inhibitor T2AA doses were screened for all of 

the above cell lines in advance and these data are presented in supplemental (Fig. S1A–H). 

Knockout or reconstitution of NQO1 in MiaPaCa2, A549, and MDA-MB-231 cancer cells 

and the endogenous NQO1 in MCF-7 and BxPC-3 cancer cells were confirmed by western 

blot analysis (Fig. 1D, F, H and Fig. S1I). The Half-maximal inhibitory concentration (IC50) 

values of β-lap or T2AA for each cell line mentioned above were determined by DNA assay 

(Fig. S1J). Together, these findings suggest that the PCNA inhibitor T2AA enhances β-lap 

lethality in an NQO1-dependent manner.

3.2. Combination therapy induces NQO1-dependent PARP1 hyperactivation, ROS 
formation and NAD+/ATP loss

Exposure of MiaPaCa2 PDAC cells to 1,1.5, and 2 μM β-lap for 2 h alone was relatively 

nontoxic (>70% survival), whereas treatment with 2.5, 3, and 4 μM of β-lap was a toxic 

with survival < 10% (Fig. 1C). A relative cell survival assay indicated that a nontoxic dose 

of T2AA (20 μM, 4 h) led to synergistic lethality with a 2 h treatment of 1. 1.5 and 2 μM 

β-lap (Fig. 1C). In Figure 2A Oxygen Consumption Rates (OCRs) monitored by seahorse 

analysis indicated that treatment of MiaPaCa2 cells with 2, 4, and 8 μM β-lap increased 

oxygen consumption with increasing dose of β-lap, which we have previously shown to be 

indicative of cells undergoing an NQO1-dependent futile redox cycle [9]. These increases in 
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OCR are particularly evident at the highly toxic 4 and 8 μM β-lap treatments. The results 

showed that a nontoxic dose of T2AA (20 μM, 4 h) alone hardly increased OCRs, however, 

the combination of T2AA with or without a sublethal dose of β-lap (2 or 4 μM, 2 h) 

resulted in equivalent OCRs. Interestingly, at the 8 μM β-lap dose, the NQO1 futile redox 

appears to become exhausted with a decay in OCR from its maximum of > 300 pmol/min 

30 to 60 minutes after treatment to less than 150 pmol/min at the 140 minute treatment 

timepoint (Fig. 2A). However, this decay was not observed when the cells were treated with 

the combination of 8 μM β-lap and 20 μM T2AA with increasing OCR to 250 pmol/min at 

20 minutes and remaining elevated (Fig. 2A), suggesting that the dramatic decay in OCRs 

observed with 8 μM β-lap treatment could partially be inhibited through suppression of 

PCNA function by T2AA treatment.

We next examined whether T2AA affects β-lap-mediated induction of reactive oxygen 

species (ROS) formation. NQO1-related H2O2 levels were measured in the first 2 h of 

exposure of cells to 2 or 4 μM of β-lap with or without T2AA (20 μM). Increasing 

concentrations of β-lap resulted in increasing levels of H2O2 a measurement of ROS 

production (Fig. 2B). The combination of β-lap (2 or 4 μM) with T2AA resulted in 

a significant increase in H2O2 levels compared to β-lap treatment alone (Fig. 2B). 

Flow cytometric analysis confirmed elevated ROS formation by staining with DCFDA 

(Supplementary Fig. S2). Treatment with dicumarol (DIC, an NQO1-specific inhibitor, 

50 μM) suppressed the combination treatment-induced ROS formation (Fig. 2B and 

Supplementary Fig. S2). Our findings suggest that inhibition of PCNA function by T2AA 

may amplify β-lap-induced DNA damage.

Our previous studies have demonstrated that exposure to β-lap causes DNA lesions 

in NQO1+ NSCLC, breast cancer, and pancreatic cancer cells, resulting in PARP 

hyperactivation in terms of the accumulation of the poly(ADP-ribose)-PARP (PAR-PARP) 

posttranslational protein modification [9]. To investigate whether T2AA affects β-lap­

induced PARP hyperactivation (PAR formation), MiaPaCa2 cells were exposed to 2 μM 

β-lap or 20 μM T2AA alone or in combination for the measurement of PAR formation 

(Fig. 2C). Western blotting analysis and quantitation of the protein levels with NIH image 

J indicates that treatment with 2 μM β-lap resulted in increasing PAR protein levels from 

5 to 120 minutes after treatment and the appearance of γ-H2AX protein, a surrogate for 

DNA double strand break formation, is induced at 30, 60, and 120 minutes post-treatment. 

Interestingly, the combination of 2 uM β-lap with T2AA resulted in a statistically significant 

decrease in PAR protein formation compared to β-lap alone, and PCNA inhibition by 

T2AA produced higher γ-H2AX protein levels when coadministered with β-lap (Fig. 2C). 

Furthermore, PCNA inhibition by T2AA enhanced β-lap-induced NAD+/ATP loss in a dose­

dependent manner, and DIC an NQO1 inhibitor rescued the combination treatment-induced 

catastrophic energy loss of NAD+/ATP (Fig. 2D, E). Altogether, our findings suggest that 

PCNA inhibition by T2AA induces more ROS production and DNA damage that causes 

NAD+/ATP depletion, leading to a decrease in PAR formation due to an exhaustion of the 

NAD+ pool.
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3.3. Knockdown of PCNA expression decreases β-lap-induced PAR formation and 
NAD+/ATP loss

To investigate whether it is indeed T2AA inhibition of PCNA that can explain the enhanced 

toxicity of low doses of β-lap when combined with treatment with T2AA, we used short 

interfering RNA (siRNA) to induce specific PCNA gene silencing in A549, MiaPaCa2, 

MDA-MB-231, A549/MiaPaCa2 NQO1-KO or MDA-MB-231-NQO1+ cells and examined 

the impact on the β-lap antitumor effect with or without targeted PCNA gene knockdown. 

Many other studies have demonstrated that PCNA is intimately linked to DNA replication 

and DNA repair [25, 26]. First we found that knockdown of PCNA expression enhanced 

β-lap killing in NQO1+ A549, MiaPaCa2 and MDA-MB-231-NQO1+ cancer cells (Fig. 

3A and Supplementary Fig. S3A, C), while knockout of NQO1 abolished this effect 

(Supplementary Fig. S3B, D). This result is quite similar to the response measured with 

cotreatment with β-lap + T2AA (Fig. 1A–C, E, H). Furthermore, in Figure 3B we show 

western blotting analysis and quantitation of A549 cells incubated with siSCR or siPCNA 

and then treated with or without 3 μM β-lap at different time points within 2 h. As 

hypothesized, similar to previous western blotting results (Fig. 2C), significant suppression 

of β-lap-induced PAR formation was observed in siPCNA transfected A549 cells treated 

with 3 μM β-lap (Fig. 3B), while β-lap-induced PAR formation was totally eliminated by 

siPCNA in A549-NQO1-KO cells (Supplementary Fig. S3E, F). These findings suggest 

that synergism of β-lap by PCNA inhibition is NQO1-dependent. Subsequent western 

blotting for γ-H2AX showed elevated and earlier DSB formation with siPCNA transfected 

compared with siSCR transfected A549 cells treated with 3 μM β-lap (Fig. 3B), implying 

that inhibition of PCNA by siRNA knockdown or treatment with T2AA plays a major role 

in the enhancement of β-lap toxicity in NQO1+ cancer cells. Knockout of PCNA expression 

in A549 cells was confirmed by western blotting analysis (Fig. 3B). It was shown above 

that addition of the PCNA inhibitor T2AA promoted intracellular NAD+/ATP consumption 

in wild-type NQO1+ cells (Fig. 2D, E). Here, we investigated changes in NAD+/ATP levels 

in both siPCNA and siSCR treated NQO1+ A549 cells. Relative ATP and NAD+ levels were 

monitored after 2 h of β-lap (0–4 μM) treatment (Fig. 3C, D). Interestingly, we observed 

inverse results: PCNA knockdown rescued β-lap-induced NAD+/ATP loss in contrast to 

wild-type expression in NQO1+ cells treated with the PCNA inhibitor T2AA (Fig. 3C, 

D). These data suggest that as hypothesized knockdown of PCNA expression decreases 

β-lap-induced PAR formation and NAD+/ATP loss.

3.4. The combination of T2AA with β-lap amplifies NQO1-dependent DNA damage

DNA DSBs have been shown to be a highly lethal form of DNA damage in human cells 

[42]. Here, we hypothesized that combination treatment of NQO1+ cells with T2AA + 

β-lap would result in enhanced DSB formation due to significant DNA damage generation 

through induction of ROS, PARP1 hyperactivation, and the conversion of DNA single-strand 

lesions to DSBs. Here, we determined the DNA damage repair response through assessment 

of the formation of foci of the combined DSB surrogate markers γ-H2AX and 53BP1 in 

MiaPaCa2 cells. Treatment with T2AA (20 μM, 4 h) alone or β-lap (2 μM, 2 h) alone 

produced the formation of a small number (~10) of γ-H2AX and 53BP1 foci (Fig. 4A, 

B). In contrast, cotreatment with T2AA (20 μM, 4 h) + β-lap (2 μM, 2 h) resulted in a 

statistically significant increase in γ-H2AX and 53BP1 foci formation to (~25) (Fig. 4A, B). 
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β-Lap (8 μM, 2 h), leading to a hyperlethal effect, resulted in extensive DSB formation, and 

DIC blocked the formation of combination treatment-induced γ-H2AX and 53BP1 foci (Fig. 

4A, B).

To obtain a more direct measure of DNA damage induction we performed alkaline 

denaturing comet assays to detect changes in cell nuclear DNA migration due to base 

damage, SSBs, and DSBs in the various treatment groups. Treatment of MiaPaCa2 cells with 

either 20 μM of T2AA for 4 h or with 2 μM of β-lap for 2 h alone induce relatively minor 

changes in comet tail length to 10 ± 2 and 20 ± 5 a.u. respectively versus controls 7 ± 2 a.u. 

(Fig. 4C, D). However, the combination treatment with β-lap (2 μM, 2 h) and T2AA (20 μM, 

4 h) resulted in a large and statistically significant enhancement of comet tail length to 60 ± 

10 a.u. compared to controls or individual single treatments. (Fig. 4C, D). The addition of 

the NQO1-specific inhibitor DIC suppressed the combination treatment-induced increase in 

comet tail length. Taken together the comet data indicate that inhibition of PCNA by T2AA 

amplifies β-lap-induced NQO1-dependent DNA damage.

3.5. PCNA inhibition by T2AA promotes programmed necrosis and G1/S phase cell cycle 
arrest in β-lap-exposed NQO1+ cancer cells

Treatment of MiaPaCa2 cells with a lethal dose of β-lap alone (8 μM, 2 h) caused 

atypical 60 kDa PARP1 and 40 kDa P53 proteolytic cleavage (Fig. 5A, lane 6), which 

we have previously shown to be diagnostic of the induction programmed necrosis [9]. The 

combination treatment of 20 μM T2AA + 2 uM β-lap treatment on MiaPaCa2 cells resulted 

in weak atypical PARP1 cleavage and P53 cleavage compared to 8 μM β-lap alone (Fig. 

5A, lanes 3 and 4). Caspase activation was not detected in any of the treatment groups, 

and ZVAD-fmk (a caspase inhibitor) did not affect proteolysis or cell death (Fig. 5A, lanes 
5 and 7). As an apoptotic positive control, we treated MiaPaCa2 cells with staurosporine 

(STS; 1 μM, 18 h) and western blotting confirmed the appearance of 89 kDa PARP1 

cleavage and caspase-3/7-mediated proteolysis (Fig. 5A, lane 8), indicating that apoptosis 

occurred in MiaPaCa2 cells exposed to STS. STS-induced cleavage was blocked by ZVAD­

fmk (Fig. 5A, lane 9). We then further investigated the cell death pathway induced by 

combination treatment with T2AA and β-lap through PI/Annexin V-FITC staining by flow 

cytometry. Treatment with 20 μM T2AA or 2 μM β-lap alone led to a few MiaPaCa2 cells 

eventually undergoing necrotic death (Fig. 5B). However, combination treatment with 2 

μM β-lap and 20 μM T2AA or treatment with a lethal dose of β-lap (8 μM) resulted in a 

significant increase in necrotic cell death, and NQO1 inhibitor DIC partially suppressed this 

death (Fig. 5B). The results are consistent with the western blotting results (Fig. 5A). These 

data suggest that inhibition of PCNA by T2AA does not switch the cell death pathway but 

enhances the lethality of a sublethal dose of β-lap (2 μM) due to an increase in necrosis.

Our previous studies have demonstrated that β-lap-induced NQO1+ cancer cell death is 

independent of cell cycle phases [22]. To investigate whether inhibition of PCNA by T2AA 

has an effect on the NQO1+ cancer cell cycle phase, the percentages of cells in the G1, S and 

G2 phases of the cell cycle were measured by EdU and PI staining and then summarized by 

flow cytometry. Treatment with 2 μM β-lap alone had no impact on the percentages of cells 

in the G1, S and G2 phases compared to control treatment (DMSO) (Fig. 5C). However, 
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20 μM T2AA alone evidently led to cell arrest in the G1/S phase and the combination of 

β-lap with T2AA further enhanced G1/S phase cell cycle arrest (Fig. 5C). In summary, our 

findings revealed that T2AA suppresses the proliferation of NQO1+ cancer cells by causing 

G1/S phase cell cycle arrest with the induction and promotion of programmed necrosis.

3.6. Combination treatment enhances super-additive antitumor activity in subcutaneous 
LLC models

To test the in vivo efficacy of the PCNA inhibitor ± β-lap treatment in murine Lewis lung 

carcinoma (LLC) tumor-bearing mice, we first investigate whether β-lap synergizes with 

PNCA inhibitor T2AA in murine LLC cells (~50 unit/mg tissue of NQO1 enzyme activity) 

[13]. We examined the cell viability of β-lap ± T2AA with or without DIC (50 μM) in LLC 

cells and found that, similar to the results in Figure 1, β-lap’s cytotoxicity was enhanced by 

T2AA in LLC cells and this effect was NQO1-dependent (Fig. 6A). Nontoxic dose of PCNA 

inhibitor T2AA in LLC cells was also screened (Supplementary Fig. S4).

Next, mice were inoculated subcutaneously with ~2 × 106 murine LLC cells and monitored 

for tumor formation. When tumor volume reached 50–80 cm3, mice were randomly divided 

into four groups (n=8/group) and treated with vehicle (HPβCD, intratumorally injection 

[i.t.]), HPβCD-β-lap (18 mg/kg, i.t.) or HPβCD-T2AA (20 mg/kg, i.t.) alone, or HPβCD­

T2AA (20 mg/kg, i.t.) 1 h prior to HPβCD-β-lap (18 mg/kg, i.t.). Treatments were given 

once per day for five consecutive days. Two days later, another 5 treatments were repeated. 

Mice were then monitored for changes in tumor volumes (Fig. 6B) and overall survival (Fig. 

6C). The results showed that non-toxic dose of T2AA had no significant tumor-suppressive 

effects, while β-lap alone resulted in decreased tumor growth and increased survival rate 

of murine LLC tumor-bearing mice, although all mice succumbed to tumor burden by day 

24 (Fig. 6B, C). In contrast, mice treated with T2AA + β-lap showed enhanced antitumor 

activity and significant survival benefit compared to these two single agents alone (Fig. 6B, 

C).

4. Discussion

In this study, we show that combining PCNA inhibition with a highly tumor-specific 

damaging agent, β-lap, leads to synergistic antitumor effect with non-toxic doses of 

both drugs in NQO1-overexpressing cancer cells. β-Lap + T2AA treatment results in 

robust, NQO1-dependent and tumor-selective induction of ROS formation and programmed 

necrosis both in vitro and in vivo. Mechanistically, as shown in Fig. 6D, β-Lap is reduced 

by NQO1 in the presence of NAD(P)H, resulting in superoxide (ROS) formation, which 

then induces DNA damage leading to PAR formation that results in NAD+/ATP depletion, 

and cells undergo tumor selective, NQO1-dependent programmed necrosis. However, when 

β-lap combines with PCNA inhibition (T2AA/siPCNA), the PCNA inhibition decreases β­

lap-induced PARP1 hyperactivation and increases ROS production, which results in greater 

DNA damage and G1/S cell cycle arrest. This combination therapy enhances the lethality of 

a sublethal dose of β-lap (2 μM) due to a dramatic increase in DNA DSBs.

Numerous studies have revealed that β-lap is a highly tumor-specific competent NQO1­

bioactivatable agent that is a promising candidate for targeted cancer therapy [13, 43]. 
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However, inevitable deficiencies have limited further clinical applications. Here, we 

hypothesized that these hurdles might be overcome by combining the PCNA inhibitor T2AA 

with β-lap, resulting in synergistic antitumor effects when both are used at nontoxic doses to 

treat various NQO1+ cancer cells. We hoped to improve the lethality of β-lap and decrease 

its acute toxicity with the aid of T2AA to appropriately exploit β-lap utilization.

We first demonstrated in this study that β-lap could achieve efficacious synergistic 

toxicity by combination with the PCNA inhibitor T2AA in NQO1+-overexpressing breast, 

pancreatic, and NSC lung cancer cells (Fig. 1A–H). We then showed by genetic KO and 

reconstitution of NQO1 that this synergism was NQO1 dependent in all three cancer 

cell types (Fig. 1A–H), and then investigated the mechanisms involved. Analyses of the 

Oxygen Consumption Ratio (OCR) for cells treated with increasing concentrations of β-lap 

alone showed the expected rapid increase in OCR, which we have previously shown to 

be indicative of cells undergoing an NQO1-dependent futile redox cycle that depletes the 

NQO1+ cancer cells NAD+/ATP energy stores inducing cell death [9]. These increases in 

OCR were particularly evident at the highly toxic 4 and 8 μM β-lap treatments (Fig. 2A). 

Treatment with a nontoxic 20 μM dose of T2AA did not significantly alter OCR versus 

controls. However, the combination of 20 μM T2AA and 8 μM of β-lap reduced the OCR 

observed versus treatment with 8 μM of β-lap alone. (Fig. 2A). We hypothesized that this 

reduction in OCR was due to T2AA inhibition of the PCNA protein which is involved in 

DNA replication and repair processes that consume large amounts of oxygen [44]. However, 

the mechanism of why the combination of nontoxic doses of T2AA and β-lap killed NQO1+ 

cancer cells needed to be clarified. We hypothesized that the increased in synergistic kill 

observed with the combination of T2AA and β-lap could be due to an increase in damage 

to DNA caused by an increase in reactive oxygen species (ROS). We found clear evidence 

that treatment with 2 or 4 μM β-lap increased the production of ROS over controls and 

T2AA treated cancer cells alone, and that the addition 20 μM T2AA further increased the 

production of ROS over treatment with 2 or 4 μM β-lap alone. Treatment with 50 μM 

DIC (an NQO1-specific inhibitor) suppressed the induction of ROS by 2 and 4μM β-lap 

treatment as well as by the combination treatment of 2 or 4 μM β-lap plus 20 μM T2AA 

(Fig. 2B). The elevation in ROS production observed by combined suggested a potential 

mechanism for the observed synergism in killing when NQO1+ cancer cells are treated with 

2 and 4 μM β-lap combined with 20 μM T2AA (Fig. 2B). Notably, the addition of T2AA 

decreased the synthesis of PAR, which correlated with accelerated and increased cell death 

(Fig. 2C). Furthermore, the addition of T2AA with 2 and 4 μM β-lap treatment enhanced 

depletion cellular energy reserves measured by NAD+ and ATP measurements. Finally, 

treatment with 50 μM DIC (an NQO1-specific inhibitor) suppressed the reductions of NAD+ 

and ATP suggesting that the drug combination reduction in cellular energy stores retained 

NQO1 dependency (Fig. 2D, E).

We hypothesized that the synergism in toxicity observed with β-lap and T2AA in NQO1+ 

tumor cells was due to T2AA inhibition of PCNA activity. We tested this hypothesis by 

knocking down PCNA with siRNA versus scramble control siSCR in A549 cells (Fig. 

3A–C). We clearly show that PCNA silencing led to cells being highly hypersensitive to 

low dose β-lap treatment (Fig. 3A). In addition, siRNA knockdown of PCNA reduced PAR 

formation induced by treatment with 3 μM β-lap (Fig. 3A) and increased the induction 
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of DNA damage measured by γH2AX foci formation and comet assays (Figs. 3B). These 

data support our hypothesis that inhibition of PCNA by T2AA treatments increases cancer 

cell death by increasing β-lap-induced ROS and SSB and DSB DNA damage (Fig. 4). 

Furthermore, western blotting and flow cytometric analysis show that treatment with β-lap + 

T2AA double the percentage of cells undergoing programmed necrosis compared to cancer 

cells treated with β-lap alone (Fig. 5). Finally, we show by DNA flow cytometry histogram 

analysis that treatment with the PCNA inhibitor T2AA induces a strong G1/S block and 

that the addition of β-lap enhances the induction of this G1/S block (Fig. 5C). We proposed 

that since PCNA is a processivity factor for enhancing the binding of DNA polymerases to 

the DNA template during the S (DNA synthesis) phase of the cell cycle [45], the inhibition 

of PCNA results in an antiproliferative blocking effect and inhibits progression into and 

through S phase in NQO1+ cells (Fig. 5C).

Interestingly, knockdown of PCNA by siRNA reduced the observed relative suppression 

in both NAD+ and ATP levels in A549 lung cancer cells treated with 1, 2, 3, or 4 μM 

β-lap versus A549 lung cancer treated with the scramble siRNA control (Fig. 3C, D). 

We speculate that the reduced reduction in NAD+ and ATP levels by β-lap treatment in 

A549 cells after siRNA knocked down PCNA can be explained by PCNA’s role in DNA 

replication by the DNA replication factor C (RFC) which is a five-subunit protein complex 

needed for DNA replication [46]. Data indicates that the ATP hydrolysis activity of RFC 

is essential for the formation of a functional PCNA clamp loader on the DNA [47, 48]. 

We propose that siRNA PCNA knockdown leads to a reduction in this ATP hydrolysis, and 

results in relatively higher levels of NAD+ and ATP when cells are treated with 1, 2, 3, or 4 

μM β-lap.

Our in vitro observations strongly indicate the efficacy of combining nontoxic doses of β-lap 

with PCNA inhibitor T2AA to kill a variety of NQO1+ cancer cell types. More importantly, 

the antitumor effect of combination of β-lap with T2AA is further demonstrated in our in 
vivo study in Lewis lung carcinoma (LLC)-tumor-bearing mice (Fig. 6B, C).

To date, researchers have not been content with simple β-lap monotherapy studies. Instead, 

they are investing more effort than ever in exploiting β-lap-related combination therapy 

and immunotherapy [9, 13, 49]. In this study, we investigated and clearly demonstrated 

the efficacy of combining nontoxic doses of β-lap and the PCNA inhibitor T2AA to kill 

a variety of NQO1+ cancer cell types and the mechanism of the enhance toxicity which 

involved increased ROS production and enhanced DNA damage that enhanced cell death by 

programmed necrosis. These novel results provide new insight into potential combination 

β-lap-relevant therapy with PCNA inhibitors in NQO1+ cancers. We anticipate that β-lap 

+ T2AA combined treatment could be a particularly efficacious tumor-selective therapy 

against a wide range of NQO1+ solid cancers. Importantly, our data suggest that β-lap + 

PCNA inhibitor therapy may be efficacious at nontoxic individual doses of β-lap and T2AA 

thereby reducing dose-limiting toxicities and side effects.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

NQO1 NAD(P)H: quinone oxidoreductase-1

β-Lap β-Lapachone

PCNA proliferating cell nuclear antigen

T2AA T2 amino alcohol

DSB double-strand break

ROS reactive oxygen species

ER endoplasmic reticulum

SSBR single-strand break repair

HR homologous recombination

NHEJ nonhomologous end joining

BER base excision repair

RFC replication factor C

NSCLC Non-small cell lung cancer

PDA pancreatic adenocarcinoma

ATCC American Tissue Culture Collection

DMEM Dulbecco’s modified Eagle’s medium

FBS fetal bovine serum

DIC dicoumarol

H2O2 hydrogen peroxide

FCM flow cytometry

SSBs single-strand breaks

PI propidium iodide

EdU 5-ethynyl-2’-deoxyuridine

STS staurosporine

DMSO Dimethyl sulfoxide
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ATP Adenosine triphosphate

NAD+ nicotinamide adenine dinucleotide
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Synergy with PCNA inhibition and β-lapachone is NQO1 dependent

PCNA inhibitor + β-lapachone prevent DNA repair and increase DNA lesions and energy 

loss

PCNA inhibitor + β-lapachone promote programmed necrosis and G1/S phase cell cycle 

arrest
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Fig. 1. T2AA enhanced β-lap lethality in various types of NQO1-overexpressing cancer cells
(A-H) MCF-7 breast cancer cells, BxPC-3 PDA cells, MiaPaCa2 PDA cells, MiaPaCa2­

NQO1-KO PDA cells, A549 NSCLC cells, A549-NQO1-KO NSCLC cells, MDA-MB-231 

NQO1+ breast cancer cells and MDA-MB-231 breast cancer cells were pretreated with or 

without T2AA (20 μM, 2 h), then exposed or not to T2AA (20 μM) + β-lap (0 – 4.0 μM) 

for 2 h, ± DIC (50 μM). Drugs were removed and cell viability was determined by relative 

survival assay (DNA assay) 7 days later. All error bars represent the mean ± SD. *** p < 

0.001, ** p < 0.01, * p < 0.05 (t tests).
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Fig. 2. Inhibition of PCNA by T2AA causes NQO1-dependent PARP1 hyperactivation, ROS 
formation and NAD+/ATP loss
(A) MiaPaCa2 PDA cells were pretreated with T2AA (20 μM, 2 h) and then treated with 

or without T2AA (20 μM, 2 h) + β-lap (2, 4 or 8 μM) ± DIC (50 μM) for 2 h. Cells were 

also treated with β-lap (2, 4 or 8 μM, 2 h). Real-time oxygen consumption rates (OCRs) 

after various drug treatments determined by Seahorse XF analyses. (B) H2O2 level in each 

group at 2 h. (C) MiaPaCa2 PDA cells were pretreated with or without T2AA (20 μM, 2 h) 

and then cotreated with or without T2AA (20 μM, 2 h) + β-lap (2 μM) for 2 h. In addition, 

whole-cell lysates were prepared at the times indicated. Samples were assessed for PAR 

formation, γ-H2AX, PCNA and α-tubulin (loading control). Cells were also treated with 

H2O2 (500 μM, 15 min) as the positive control. (D, E) MiaPaCa2 PDA cells were pretreated 

with or without T2AA (20 μM, 2 h) and then exposed or not to T2AA (20 μM, 2 h) + β-lap 

(2, 4 and 8 μM) ± DIC (50 μM) for 2 h. Cells were also treated with T2AA (20 μM, 48 h). 

Then, the relative NAD+ and ATP levels were monitored. Results were separately repeated at 

least three times in triplicate. Results (mean ± SD) are from three independent experiments. 

***p < 0.001, **p < 0.01, *p < 0.05 (t test).
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Fig. 3. Knockdown of PCNA blocks DNA repair and NAD+/ATP consumption
Transient siSCR or siPCNA A549 cells were treated with various concentrations of β-lap 

(μM) for 2 h. (A) Relative survival was then assessed. (B) SiSCR or siPCNA A549 cells 

were treated with β-lap (3 μM), and whole-cell lysates were prepared at the times indicated. 

Samples were evaluated for PAR formation, γ-H2AX, NQO1 and α-tubulin (loading 

control). SiPCNA was generated, and knockdown was confirmed by Western blotting. Cells 

were also treated with 500 μM H2O2 for 15 min as the positive control. Results were 

separately repeated at least three times in triplicate. (C, D) Relative ATP and NAD+ levels 

were monitored. Results (mean ± SD) are from three independent experiments. ***p < 

0.001, **p < 0.01, *p < 0.05 (t tests).
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Fig. 4. T2AA increases β-lap-induced DNA damage
MiaPaCa2 PDA cells were pretreated with or without T2AA (20 μM, 2 h), then exposed or 

not to T2AA (20 μM) + β-lap (2 μM) for 2h, ± DIC (50 μM). Cells also were treated with 

β-lap (8 μM, 2 h). (A) Cells were assessed for DSBs quantified by γ-H2AX (in green) and 

53BP1 (in red). Nuclear DNA in cells was also stained using DAPI (in blue). Scale bar = 

10 μm. (B) Graphical representation of data presented in Fig. 4A. (C) Cells were assessed 

for total DNA lesions using alkaline comet assays. Comet tail lengths were monitored at 2 

h. (D) Graphical representation of data presented in Fig. 4C. Data represent the mean ± SD. 

Student’s t tests were performed, ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 5. T2AA promotes programmed necrosis and G1/S phase cell cycle arrest in β-lapexposed 
NQO1+ cancer cells
(A-B) MiaPaCa2 PDA cells were pretreated with or without T2AA (20 μM, 2 h) and then 

treated with or without T2AA (20 μM, 2 h) + β-lap (2 μM) ± DIC (50 μM) ± ZVAD-fmk 

(pan-caspase inhibitor, 75 mM) for 2 h. Cells were also exposed to staurosporine (STS; 

1 μM, 18 h) or β-lap (8 μM, 2 h) ± ZVAD-fmk (75 μM, 2 h) to detect apoptotic and 

programmed necrotic (NAD+-Keresis) death pathways. (A) After 36 h, proteolytic markers 

of cell death, including PARP1 (89 kDa for apoptosis, 60 kDa for programmed necrosis), 

p53 (40 kDa for programmed necrosis), cleaved caspase-7 (20 kDa for apoptosis), and 

cleaved caspase-3 (17 kDa for apoptosis), and β-actin (loading control) were assessed. (B) 
After 36 h, death pathways were assessed and summarized by flow cytometry. Results were 

separately repeated at least three times in triplicate. (C) Representative images of MiaPaCa2 

PDA cells exposed to T2AA (20 μM, 4 h) alone, β-lap (2 μM, 2 h) alone or a combination 

of T2AA (20 μM, 4 h) + β-lap (2 μM, 2 h). Then, the percentages of cells in the G1, S 

and G2 phases of the cell cycle measured by EdU and PI staining were summarized by flow 

cytometry. Results were separately repeated at least three times in triplicate. Results (mean ± 

SD) are from three independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05 (t tests).
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Fig. 6. T2AA synergizes with β-lapachone against LLC xenografts in C57BL/6 mice
(A) LLC cells were pretreated with or without T2AA (20 μM, 2 h), then exposed or not 

to T2AA (20 μM) + β-lap (1–3 μM) for 2h, ± DIC (50 μM). Drugs were removed and 

cell viability was determined by relative survival assay (DNA assay) 7 days later. All error 

bars represent the mean ± SD. ***p < 0.001, **p < 0.01, *p < 0.05 (t tests). (B, C) LLC 

xenografts were established in female C57BL/6 mice weighing ~20 g by subcutaneous 

injecting ~2×106 cells. After tumor volumes of ~50–80 cm3 were achieved, mice were 

randomly divided into four different groups (n=8/group) and treated with HPβCD alone, 

T2AA (20 mg/kg, i.t.), β-lap (18 mg/kg, i.t.) or T2AA (20 mg/kg, i.t.) 1 h prior to β-lap (18 

mg/kg, i.t.). Treatments were given once per day for five consecutive days then recovered 

2 days, followed by another five daily injections (red arrows represent treated days). Tumor 

volume (B) and overall survival (C) were monitored. Tumor volumes were measured during 

the 20 days. ***p < 0.001 and *p < 0.05 (t tests). β-Lap (18 mg/kg, i.t.) or combined 

treatment vs vehicle (HPβCD alone) treatment was determined by log-rank test, ***p < 

0.001 and *p < 0.05. Synergy values were reported based on comparative p values indicated. 

(D) Schematics for a summary of β-lap monotherapy or combination therapy of β-lap with 

PCNA inhibition.
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