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1  | INTRODUCTION

The family of PARPs is characterized by the ability to catalyze the 
addition of PAR to their target proteins.1 Poly (ADP- ribose) poly-
merase 1, which accounts for 80% of cellular PARP activity, func-
tions as a DNA repair factor in various DNA repairing processes.1 
Mechanically, PARP1 is recruited to DNA damage sites and cata-
lyzes PAR synthesis, leading to increased redistribution of PARP1 

on activated genes, modulation of the chromatin structure, and  
recruitment of the DNA repair machinery.2 In addition, PARP1 plays 
a role in cellular processes such as transcriptional regulation, telo-
mere cohesion, and mitotic spindle formation.3

Poly(ADP- ribose) polymerase inhibitors show effective single- 
agent activity against cancers harboring HR defects. BRCA1/2 de-
fects are the most extensively studied indication involved in HR in 
regards to PARP inhibition. A cell that is BRCA- deficient has reduced 
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Poly(ADP- ribose) polymerase (PARP) enzymes play an important role in repairing 
DNA damage and maintaining genomic stability. Olaparib, the first- in- class PARP in-
hibitor, has shown remarkable clinical benefits in the treatment of BRCA- mutated 
ovarian or breast cancer. However, the undesirable hematological toxicity and phar-
macokinetic properties of olaparib limit its clinical application. Here, we report the 
first preclinical characterization of fluzoparib (code name: SHR- 3162), a novel, po-
tent, and orally available inhibitor of PARP. Fluzoparib potently inhibited PARP1 en-
zyme activity and induced DNA double- strand breaks, G2/M arrest, and apoptosis in 
homologous recombination repair (HR)- deficient cells. Fluzoparib preferentially in-
hibited the proliferation of HR- deficient cells and sensitized both HR- deficient and 
HR- proficient cells to cytotoxic drugs. Notably, fluzoparib showed good pharmacoki-
netic properties, favorable toxicity profile, and superior antitumor activity in HR- 
deficient xenografts models. Furthermore, fluzoparib in combination with apatinib or 
with apatinib plus paclitaxel elicited significantly improved antitumor responses 
without extra toxicity. Based on these findings, studies to evaluate the efficacy and 
safety of fluzoparib (phase II) and those two combinations (phase I) have been initi-
ated. Taken together, our results implicate fluzoparib as a novel attractive PARP 
inhibitor.
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capacity to repair DNA DSBs by HR and is consequently hypersensi-
tive to PARP inhibitors through the concept of synthetic lethality.4,5 
The finding that PARP inhibition is exquisitely effective against 
BRCA- deficient cancers greatly boosts the development of PARP in-
hibitors as anticancer agents.6 Olaparib was the first PARP inhibitor 
to be introduced into the clinic for the treatment of BRCA- mutated 
ovarian cancer and is the first and only PARP inhibitor approved in 
BRCA- mutated, HER2- negative metastatic breast cancer. To date, 3 
PARP inhibitors (olaparib, rucaparib, and niraparib) have been ap-
proved by the FDA.

Responses to PARP inhibitors among patients with BRCA- 
mutated ovarian or breast cancer are sufficiently profound to sup-
port the approval of these agents, but treatment- related toxicities 
are common and restrict the clinical applications of PARP inhibi-
tors.7 Among the three approved PARP inhibitors, niraparib has the 
highest rate of thrombocytopenia; 14.7% of patients discontinued 
treatment due to toxicity and 68.9% required dose reductions in the 
ENGOT- OV16/NOVA trial.8 Rucaparib has the highest rate of ele-
vations in liver transaminases and 55% of patients required dose re-
ductions in the ARIEL3 trial.9 Olaparib shows a relatively safe profile: 
apart from anemia, toxicities related to olaparib were low grade.10 
Nonetheless, the toxicity remains an issue of concern and 25% of 
patients required dose reductions in the SOLO2/ENGOT- Ov21 
trial.11 One of the major obstacles restricting the safety and efficacy 
of olaparib is its undesirable pharmacokinetic properties. Olaparib 
has a short half- life and the exposure of olaparib achieved in tumor 
is only approximately 40% of that in plasma.12 In the clinic, patients 
need to take 8 capsules twice a day (400 mg per dose) or 2 tablets 
twice a day (300 mg per dose) to ensure the efficacy of the drug. 
Because of individual variations in drug metabolism, the high dosage 
of olaparib leads to high coefficient of variation of drug exposure 
and concentrations,10 which results in severe toxicity in some pa-
tients. Therefore, further structural modification and optimization 
of olaparib to improve the pharmaceutical properties and toxicity 
profile is of significant clinical value.

In order to improve the efficacy and expand the indications of 
PARP inhibitors, great efforts have been made to explore the com-
bination of PARP inhibitors with other therapeutic agents, such as 
alkylating agents (temozolomide), platinum agents, and taxanes.13 
However, in clinical trials, PARP inhibitors combined with temo-
zolomide led to severe hematological toxicity,14 and PARP inhibitors 
combined with paclitaxel had no significant improvement in the 
overall survival.15 Therefore, more efforts are needed to explore op-
timal combination regimens.

We rationally designed and synthesized a series of deriva-
tives based on the chemical structure of olaparib. One derivative, 
fluzoparib (code name: SHR- 3162), stood out in the screening 
and was selected for further evaluation. Fluzoparib was com-
parable to olaparib in various models in vitro and superior to 
olaparib in vivo. Notably, fluzoparib showed favorable drug- like 
properties. We further explored several combination regimens 
and found that a 2- drug combination of fluzoparib with apatinib 
and a 3- drug combination including fluzoparib, paclitaxel, and 

apatinib elicited remarkable antitumor responses without extra 
toxicity. Because of the impressive preclinical activity of fluzo-
parib, clinical trials have been initiated in China (NCT02575651, 
NCT03026881, NCT03062982, NCT03075462, NCT03509636, 
and NCT03645200). Here, we present the first report of the major 
preclinical pharmacological results of fluzoparib.

2  | MATERIALSANDMETHODS

2.1 | ReagentsandAbs

Fluzoparib was provided by Jiangsu Hengrui Medicine Co. (Shanghai, 
China). Olaparib was purchased from Selleckchem (Houston, TX, 
USA). Antibodies against γH2AX, p- CDK1, cyclin B1, caspase 8, cas-
pase 9, cleaved caspase 3, and β- tubulin were purchased from Cell 
Signaling Technology (Beverly, MA, USA). Anti- RAD51 antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). 
Anti- PAR Ab and PARP universal colorimetric assay kit were pur-
chased from Trevigen (Gaithersburg, MD, USA).

2.2 | Cellculture

V- C8 and V- C8#13- 5 cell lines were kindly provided by Professor 
M. Zdzienicka (Leiden University, Amsterdam, the Netherlands). 
UWB1.289, UWB1.289+BRCA1, MDA- MB- 436, MX- 1, SW620, 
and NCI- N87 cell lines were purchased from ATCC (Manassas, 
VA, USA). The OVCAR- 8 cell line was purchased from the NCI-
Frederick Cancer DCTD Tumor Repository (Frederick, MD, USA). 
Cells were cultured according to instructions provided by the 
manufacturers.

2.3 | Enzymeactivity

The inhibition on PARP1 enzymatic activity was determined by ELISA 
according to the manufacturer's instructions. A450 was measured using 
Synergy H4 Hybrid Microplate Reader (BioTek Instruments, Winooski, 
VT, USA). The inhibition rate was calculated as (A450 control − A450 treated/ 
A450 control) × 100%. Half maximal inhibitory concentration (IC50) was 
determined with GraphPad Prism software (GraphPad Software Inc., 
La Jolla, CA, USA).

2.4 | Moleculardocking

The PARP1 structure from a crystal of PARP1/olaparib complex16 
was used as the template structure. The X- ray crystal structure of 
this PARP1/olaparib complex was obtained from the Protein Data 
Bank (PDB code: 5DS3). Glide, LigPrep, Maestro and PyMOL were 
obtained from Schrödinger (New York, NY, USA). Molecular docking 
was carried out using Glide version 6.9 in its SP mode. LigPrep ver-
sion 3.6 was applied to preprocess the compound using default pa-
rameters. The obtained docked poses were analyzed with Maestro, 
PyMOL, and LigPlot (European Bioinformatics Institute, Hinxton, 
Cambridgeshire, UK).
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2.5 | Cellproliferationassay

Cells were treated with PARP inhibitors alone or in combination 
with the indicated anticancer drugs for 3 days (V- C8, V- C8#13- 5, 
UWB1.289, and UWB1.289+BRCA1) or 5 days (all the other cells). 
The IC50 values were determined by sulforhodamine B assay as de-
scribed previously.17

2.6 | Westernblotanalysis

The standard western blotting17 was used to detect the changes in 
protein levels caused by the indicated treatments.

2.7 | Cellcycleanalysis

Cells were fixed in ethanol and stained with propidium iodide fol-
lowing standard methods. The cell cycle was analyzed by FACS 
using a FACScan flow cytometer (BD Biosciences, San Jose, CA, 
USA).

2.8 | Animalstudies

2.8.1 | Pharmacokinetic/pharmacodynamicstudies
in mice

Female Balb/cA nude mice (5- 6 weeks old) were purchased from 
Shanghai Laboratory Animal Center, Chinese Academy of Sciences 
(Shanghai, China). Studies were carried out as described previ-
ously.16 Briefly, mice bearing MDA- MB- 436 tumors received a single 
p.o. dose of fluzoparib (0.3, 1, or 3 mg/kg) and then tumor tissue 
and blood were collected at multiple time points (0, 2, 4, 8, 12, 
and 24 hours) post- dosing. Concentrations of fluzoparib in plasma 
and tumor were determined by HPLC/tandem mass spectrometry. 
Tumor samples were lysed with RIPA buffer and analyzed by west-
ern blotting.

2.8.2 | Pharmacokineticstudiesinrats

Female SD rats received a single oral dose of fluzoparib (4 mg/kg) 
and then blood was collected at multiple time points (0, 0.25, 0.5, 
0.75, 1, 1.5, 2, 4, 8, 12, and 24 hours) post- dosing. Concentrations 
of fluzoparib in plasma were determined by HPLC/tandem mass 
spectrometry.

To determine bioavailability, female SD rats were injected i.v. 
with fluzoparib (4 mg/kg) and then blood was collected at multiple 
time points (0, 0.08, 0.25, 0.5, 1, 1.5, 2, 4, 6, 8, 12, and 24 hours) 
post- dosing. Concentrations of fluzoparib in plasma were deter-
mined by HPLC/tandem mass spectrometry.

2.8.3 | Acutetoxicityinmice

Mice (female, n = 6) received a single oral dose of fluzoparib at 
1000 mg/kg. Individual body weight was measured for 21 days.

2.8.4 | Acuteandchronictoxicityinrats

In the acute toxicity study, SD rats (female, n = 6) received a sin-
gle oral dose of fluzoparib at 2000 mg/kg and were observed for 
14 days. In the chronic toxicity study, SD rats (female, n = 15) re-
ceived fluzoparib at 30 mg/kg for the first 66 days, at 60 mg/kg for 
the next 24 days, and were then observed for another 28 days with-
out treatment. Clinical signs and histopathology were examined in 
both studies.

2.8.5 | Cell-line-derivedxenograftmodel

Tumor models were established by s.c. inoculating female nude mice 
with MDA- MB- 436 or MX- 1 cells. When tumors reached a volume 
of 100- 300 mm3, mice were randomized into control (n = 10- 12) or 
treatment (n = 6) groups. Control group was given vehicle alone, and 
treatment groups received fluzoparib (p.o.), olaparib (p.o.), and temo-
zolomide (p.o.) alone or in combination.

2.8.6 | Patient-derivedxenograftmodel

Animal studies using gastric model STO#069 were carried out by 
GenenDesign (Shanghai, China). Tumor fragments with the volume 
of 15- 30 mm3 were s.c. implanted into right flanks of Balb/c nude 
mice. When tumor sizes reached 150- 250 mm3, mice were randomly 
divided into control (n = 6) or treatment (n = 6) groups. Control group 
was given vehicle (p.o.) and treatment groups were given fluzoparib 
(p.o.), apatinib (p.o.), cisplatin (i.p.), and paclitaxel (i.p.) alone or in 
combination.

Tumor volume was calculated as (length × width2)/2, and body 
weight was monitored as an indicator of general health. Tumor 
growth inhibition (TGI) (%) was calculated as 100 − (Tt − T0)/
(Ct − C0) × 100. When Tt < T0 or Ct < C0, TGI (%) was calculated as 
100 − (Tt − T0)/T0 × 100. Tt = mean tumor volume of treated at time 
t, T0 = mean tumor volume of treated at time 0, Ct = mean tumor vol-
ume of control at time t and C0 = mean tumor volume of control at 
time 0.

All animal experiments were carried out in accordance with 
guidelines of the Institutional Animal Care and Use Committee at the 
Shanghai Institute of Materia Medica, Chinese Academy of Sciences.

2.9 | Statisticalanalysis

Data were analyzed with GraphPad Prism software. Two- tailed 
Student's t tests were used to determine the statistical significance 
of differences between 2 groups.

3  | RESULTS

3.1 | FluzoparibisapotentinhibitorofPARP1

We first examined the inhibitory activities of fluzoparib (Figure 1A) 
in a cell- free enzymatic assay against PARP1. Fluzoparib significantly 
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inhibited PARP1 activity, with an IC50 value of 1.46 ± 0.72 nmol/L, 
which was close to that of olaparib (IC50, 1.34 ± 0.78 nmol/L) 
(Figure 1B). We then explored the binding sites of fluzoparib in 
PARP1 using structural modeling. As shown in Figure 1C, fluzoparib 
was well ordered in the catalytic active site of PARP1 with the same 
binding mode as olaparib. Together, these data indicate that fluzo-
parib is a potent PARP1 inhibitor.

3.2 | FluzoparibinducespersistentDSBsin 
HR-deficientcells

Unrepaired single- strand breaks induced by PARP1 inhibition will even-
tually be converted to DSBs, which can be normally repaired by HR.18 
We detected RAD51 foci, the indicator of HR repair, after treatment 
with PARP1 inhibitors (Figure 2A). Fluzoparib induced the formation of 
RAD51 foci in V- C8#13- 5 cells, indicating that DSBs were induced by 
drug treatment and HR function was proficient in the cells. In contrast, 
fluzoparib did not induce RAD51 foci in V- C8 cells, confirming the defi-
ciency of HR function (BRCA2- deficient) in the cells. We next detected 
DSB accumulation using γH2AX as a marker. Fluzoparib increased the 
levels of γH2AX in a concentration- dependent manner in both BRCA2- 
deficient V- C8 cells and BRCA1- deficient MDA- MB- 436 cells, but not in 
BRCA- proficient V- C8#13- 5 cells (Figure 2B), indicating that DSBs were 
induced and persistent in HR- deficient cells. The DSB- inducing capacity 
of fluzoparib was similar to that of olaparib. Together, these results sug-
gest that, following treatment with fluzoparib, DSBs are induced in both 
HR- proficient and HR- deficient cells, but only persistent in HR- deficient 
cells.

3.3 | FluzoparibinducesG2/Marrestandapoptosis
inHR-deficientcells

DNA DSBs are supposed to evoke the G2/M checkpoint in cells, 
leading to G2/M phase arrest and eventual apoptosis.19 We thus 
checked CDK1 and cyclin B, the key regulators of G2- phase transi-
tion, after treatment with fluzoparib in MDA- MB- 436 cells (BRCA1- 
deficient). As shown in Figure 2C, fluzoparib increased levels of both 
pCDK1 and cyclin B, indicating activation of the G2/M checkpoint. 
We then determined the cell cycle profile in these cells. Consistently, 
fluzoparib induced G2/M phase arrest in a concentration- dependent 
manner (Figure 2D). We further assessed apoptosis after long- term 
treatment with fluzoparib by determining the intermediate cleavage 
products of crucial apoptosis mediators. Fluzoparib concentration- 
dependently increased the processing of caspase- 3, - 8, and - 9, indi-
cating that apoptosis was induced through both mitochondrial and 
death receptor pathways (Figure 2E). Together, these data suggest 
that fluzoparib induces G2/M arrest and apoptosis in HR- deficient 
cells.

3.4 | Fluzoparibselectivelyinhibits
proliferationofHR-deficientcancercellsand
sensitizesbothHR-deficientandHR-proficientcancer
cellstocytotoxicdrugs

We next evaluated the antiproliferative effects of fluzoparib among 
a panel of cell lines with distinct genotypes. Fluzoparib was preferen-
tially efficacious against HR- deficient cells, such as BRCA1- deficient 

F IGURE  1 Characterization of 
fluzoparib as a poly(ADP- ribose) 
polymerase (PARP) inhibitor. A, Chemical 
structure of fluzoparib. B, PARP inhibition 
measured by ELISA. Error bars represent 
mean ± SD. C, Molecular modeling of the 
PARP1- olaparib/fluzoparib complex. Key 
residues of PARP1 were shown as sticks. 
Hydrogen bonds are shown as dashed 
lines
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(UWB1.289 and MDA- MB- 436), BRCA2- deficient (V- C8), BRCA1- 
deficient/BRCA2- mutated (MX- 1), and BRCA1 hypermethylated 
(OVCAR- 8) cells, but not HR- proficient (V- C8#13- 5 and UWB1.289 
BRCA1) cells (Table 1). Fluzoparib showed similar antiproliferative 
effects to olaparib in all these cells.

The combination of PARP inhibitor with cytotoxic drugs is a ra-
tional strategy in the clinic. We thus evaluated the antiproliferative 
effects of fluzoparib combined with TMZ, cisplatin, or paclitaxel. 
As shown in Figure 3, the extent of synergy achieved by the fluzo-
parib/TMZ combination is maximal in comparison with the other 

F IGURE  2 Double- strand break induction, G2/M arrest, and apoptosis in homologous recombination repair- deficient cells. A, V- C8 and 
V- C8#13- 5 cells were treated with fluzoparib (30 μmol/L) or olaparib (30 μmol/L) for 24 hours. Rad51 was detected by immunofluorescence. 
Scale bar = 10 μm. B, V- C8, V- C8#13- 5, and MDA- MB- 436 cells were treated with fluzoparib or olaparib for 24 hours. γH2AX accumulation 
was detected by western blotting and quantified by densitometry. C, MDA- MB- 436 cells were treated with fluzoparib or olaparib for 
24 hours. p- CDK1 and cyclin B1 were detected by western blotting. D, MDA- MB- 436 cells were treated with fluzoparib or olaparib for 
48 hours. Cell cycle was analyzed by flow cytometry. Left, representative images; Right, data from 3 separate experiments expressed as 
mean ± SD. E, MDA- MB- 436 cells were treated with fluzoparib or olaparib for 72 hours. Whole cell lysates were detected by western 
blotting
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combinations. Fluzoparib significantly potentiated the cytotoxicity of 
TMZ in both HR- deficient and HR- proficient cancer cells with an aver-
age potentiation index of 54.2 (range, 4.9–187.5). Fluzoparib showed 
relatively weak sensitization to cisplatin and paclitaxel, with an average 
potentiation index of 13.7 (range, 5.1–23.1) and 2.7 (range, 1.2–3.8), 
respectively.

Collectively, the data suggest that fluzoparib is a PARP inhibitor 
with potent in vitro anticancer activity.

3.5 | Pharmacokinetic/pharmacodynamic
characteristicsoffluzoparib

We then assessed the pharmacokinetic profile of fluzoparib in 
MDA- MB- 436 xenograft- bearing mice. After a single oral dose 
at 0.3, 1, or 3 mg/kg, fluzoparib was rapidly absorbed and rap-
idly cleared from blood at all dose levels; plasma concentrations 
of fluzoparib quickly reached maximum within 2 hours and were 
merely detected (<1.0 ng/mL) at 24 hours post dosing (Figure 4A). 
In contrast, concentrations of fluzoparib in tumor remained at high 
levels even at 24 hours after dosing (57.9 ± 16.6, 39.3 ± 8.2, and 
85.6 ± 102.0 ng/g for doses of 0.3, 1, and 3 mg/kg, respectively). 
The exposure of fluzoparib increased over its dose escalation in 
both plasma and tumor. Notably, the exposure (AUC0-24 hours) of 
fluzoparib in tumor was 25.0, 14.6, and 6.7- fold higher than that 
in plasma for doses 0.3, 1, and 3 mg/kg, respectively. We further 
assessed the pharmacokinetic profile of fluzoparib in female rats. 
After a single oral dose at 4 mg/kg, the exposure (AUC0-24 hours) of 
fluzoparib was 3293.1 μg·hour/L, which was higher than that of 
olaparib reported at 5 mg/kg (2380 μg·hour/L).20 Moreover, the 
bioavailability of fluzoparib (35.8%) was also higher than that of 
olaparib (<20%).20

We next evaluated the effects of fluzoparib on the formation 
of PAR, a pharmacodynamic marker reflecting the suppression 

of PARP,10 in MDA- MB- 436 xenograft- bearing mice. Fluzoparib 
showed a strong inhibition on PAR formation in a dose-  and time- 
dependent manner (Figure 4B). Fluzoparib at 0.3 mg/kg did not 
affect PAR formation, at 1 mg/kg significantly reduced PAR forma-
tion, and at 3 mg/kg resulted in almost complete disappearance of 
the PAR formation.

Collectively, these results suggest that fluzoparib possesses 
favorable pharmacokinetic characteristics and can inhibit PARP 
in vivo.

3.6 | Acuteandchronictoxicityoffluzoparib

The acute toxicity of fluzoparib was investigated in both mice 
and rats. A single oral dose of fluzoparib at either 1000 mg/kg 
in female mice or 2000 mg/kg in female rats caused no mortali-
ties or adverse signs. All mice (Figure 5A) and rats (Figure 5B) 
gained weight over the course of the study. The chronic toxic-
ity of fluzoparib was also investigated. Female rats received 
daily oral treatment with fluzoparib at 30 mg/kg for the first 
66 days, at 60 mg/kg for the following 24 days, and then 
were observed for another 28 days without treatment. There 
were no abnormal changes in clinical signs or body weights 
(Figure 5C) during the study. Thus, fluzoparib is a drug with a 
good toxicity profile.

3.7 | Invivoantitumoractivityoffluzoparibin
cancercell-line-derivedxenograftmodels

The antitumor potential of fluzoparib was investigated in MDA- 
MB- 436 (BRCA1- deficient) xenograft models in vivo. As shown in 
Figure 6A, fluzoparib apparently inhibited the growth of tumor 
with an inhibition rate of 59% (day 21) at 30 mg/kg, and olaparib 
led to an inhibition rate of 44% (day 21) at the same dosage. Neither 

Cellline Type HRfunction

IC50 (μmol/L,mean±SD)

Fluzoparib Olaparib

V- C8 Chinese hamster 
lung fibroblasts

BRCA2−/− 0.053 ± 0.038 0.035 ± 0.020

V- C8 #13- 5 Chinese hamster 
lung fibroblasts

BRCA2+/+ >10 >10

UWB1.289 Ovarian cancer BRCA1−/− 0.51 ± 0.22 0.36 ± 0.24

UWB1.289+BRCA1 Ovarian cancer BRCA1+/+ >10 >10

MDA- MB- 436 Breast cancer BRCA1−/− 1.57 ± 0.16 1.23 ± 0.15

MX- 1 Breast cancer BRCA1−/−, 
BRCA2 
mutated

1.57 ± 0.43 1.43 ± 0.26

OVCAR- 8 Ovarian cancer BRCA1 
hypermeth-
ylation

1.43 ± 0.20 2.16 ± 0.50

Cells were treated with different concentrations of drugs and cell proliferation was measured using 
sulforhodamine B assays. Data shown represent mean ± SD of 3 independent experiments. HR, ho-
mologous recombination repair

TABLE  1 Antiproliferative activity of 
fluzoparib against cells with distinct 
genotypes
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treatment caused significant loss of body weight (Figure 6A). 
Fluzoparib is more potent than olaparib in the MDA- MB- 436 xeno-
graft model.

Given the profound activity of fluzoparib in sensitizing TMZ- 
induced growth inhibition, the antitumor potential of fluzoparib in 
combination with TMZ was further investigated in vivo.

F IGURE  3 Fluzoparib sensitizes cancer cells to cytotoxic drugs. Cells were treated with fluzoparib combined with temozolomide (TMZ) 
(A), cisplatin (B), or paclitaxel (C) for 120 hours, and cell proliferation was measured using sulforhodamine B assays. Data shown represent 
mean ± SD of 3 independent experiments
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In the MDA- MB- 436 (BRCA1- deficient) xenograft model, fluzopa-
rib (3 mg/kg) or TMZ (50 mg/kg) alone had no apparent inhibition on 
tumor growth, but were extremely effective when combined together 
(Figure 6B). Fluzoparib sensitized TMZ in a dose- dependent manner 
with inhibition rates of 66, 99, and 153% (day 21) at 0.3, 1, and 3 mg/
kg, respectively. Partial tumor regression was achieved in 4/6 and 6/6 
mice (day 21) by 1 and 3 mg/kg of fluzoparib combined with TMZ, re-
spectively. Olaparib also enhanced the efficacy of TMZ, leading to an 
inhibition rate of 142% (day 21) and causing partial tumor regression 
in 5/6 mice (day 21) at the dose of 3 mg/kg. Due to the toxicity caused 
by TMZ, drugs were given from day 0 to day 4. After drug withdrawal, 
tumor recurrence was observed in all groups, but could be inhibited 
again through repeated treatment (day 53 to day 57).

Better results were obtained in the MX- 1 (BRCA1- deficient, 
BRCA2- mutated) xenograft model (Figure 6C). When combined 
with TMZ, fluzoparib showed profound antitumor activity with in-
hibition rates of 82%, 95%, and 121% (day 8) at 1, 3, and 10 mg/kg, 

respectively, and partial tumor regression in 5/6 mice was observed 
at 10 mg/kg. Olaparib also enhanced the antitumor activity of TMZ, 
but the extent of tumor shrinkage was not as remarkable as that of 
fluzoparib at the same dosage. Olaparib caused inhibition rates of 
61%, 70%, and 90% (day 8) at 1, 3, and 10 mg/kg, respectively, and 
no tumor regression was observed. To exclude the possibility of ex-
perimental error, we repeated the experiment in the MX- 1 model 
(Figure 6D). Consistently, fluzoparib at 3 mg/kg elicited more potent 
antitumor activity (inhibition rate: 85%, day 8) compared with olapa-
rib at 3 mg/kg (inhibition rate: 75%, day 8) and similar antitumor ac-
tivity compared with olaparib at 10 mg/kg (inhibition rate: 82%, day 
8).

Loss of body weight was observed after treatment with TMZ 
alone or in combination with PARP inhibitors. No severe toxicity was 
observed after treatment with fluzoparib alone (Figure 6).

Taken together, these data reveal the significant antitumor effi-
cacy of fluzoparib.

F IGURE  4 Pharmacokinetic/pharmacodynamic characteristics of fluzoparib in an MDA- MB- 436 xenograft model. Mice bearing MDA- 
MB- 436 xenografts received a single dose (p.o.) of fluzoparib (0.3, 1, or 3 mg/kg) and were killed at the indicated times. A, Concentrations of 
fluzoparib in plasma and tumor were determined. B, Tumor extracts were analyzed by western blotting. PAR, polymer of ADP- ribose

F IGURE  5 Acute and chronic toxicity of fluzoparib. A, Female mice received fluzoparib at 1000 mg/kg. B, Female rats received fluzoparib 
at 2000 mg/kg. C, Female rats received fluzoparib at 30 mg/kg for the first 66 days, at 60 mg/kg for the next 24 days, and then were 
observed for another 28 days without treatment. Body weight was measured at the indicated days
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3.8 | Invivoantitumoractivityoffluzoparibin
cancerPDXmodels

Because fluzoparib could also potentiate cytotoxic drugs in 
BRCA WT cancer cells (Figure 3), we further explored combina-
tion regimens of fluzoparib in BRCA WT models in vivo. A PDX 
model in nude mice established with gastric cancer tissue from 
a patient (STO#069, BRCA WT) was used in this study. As the 
combination of PARP inhibitor with TMZ caused apparent toxic-
ity (Figure 6), we explored the efficacy and toxicity of fluzoparib 
combined with other drugs. In consideration of the weak syn-
ergy of PARP inhibitors combined with cisplatin or paclitaxel in 
vitro and the unsatisfactory results in clinical trials,13,16 we here 
explored whether apatinib, an inhibitor of vascular endothelial 
growth factor receptor- 2, could enhance the antitumor activity 
of fluzoparib or conventional combinations (fluzoparib + cispl-
atin; fluzoparib + paclitaxel). As shown in Figure 7, 2- drug combi-
nations of fluzoparib with cisplatin, paclitaxel, or apatinib caused 
growth inhibition with rates of 61.4%, 55.3%, and 72.8% (day 21), 
respectively; 3- drug combinations of fluzoparib, cisplatin, and 
apatinib or of fluzoparib, paclitaxel, and apatinib caused growth 
inhibition with rates of 84.9% and 75.6% (day 21), respectively. 
The 2- drug combination of fluzoparib with cisplatin and 3- drug 
combination of fluzoparib, cisplatin, and apatinib caused loss of 
body weight, whereas no apparent toxicity was observed in other 
combinations (Figure 7). Given the significant antitumor activity 
and tolerable profile of the 2- drug combination of fluzoparib with 

apatinib and 3- drug combination of fluzoparib, apatinib, and pa-
clitaxel, phase I studies to evaluate the tolerability and efficacy 
of these 2 combinations have been initiated (NCT03075462 and 
NCT03026881).

4  | DISCUSSION

Fluzoparib is a novel PARP inhibitor undergoing clinical trials. Here, 
we present the first report of the preclinical pharmacological results 
of fluzoparib and showed that fluzoparib showed potent anticancer 
activities in vitro and good pharmacokinetic properties, favorable 
toxicity profile, robust anti- tumor activity in vivo.

A remarkable characteristic of fluzoparib was its superior per-
formance to olaparib in multiple human tumor xenografts models in 
vivo. In MDA- MB- 436 xenografts model, fluzoparib was superior to 
olaparib when given alone or in combination with TMZ. Moreover, 
2 independent MX- 1 xenograft experiments further confirmed the 
advantage of fluzoparib. The remarkable antitumor activity of fluzo-
parib could result from 2 aspects, as discussed below.

First, fluzoparib displayed potent anticancer activities in vitro. 
Fluzoparib bound to PARP1 with the same binding mode as olapa-
rib and showed potent inhibitory activity against PARP1 enzyme. 
Moreover, fluzoparib increased the formation of Rad51 foci and the 
level of γH2AX, indicating DSBs were induced. These effects led to 
apparent G2/M arrest, apoptosis, and selective cell killing in BRCA- 
deficient cells. Furthermore, fluzoparib also effectively sensitized 

F IGURE  6 Antitumor activity of fluzoparib in cell line- derived xenograft models. Nude mice bearing MDA- MB- 436 (A,B) and MX- 1 (C,D) 
xenografts were randomized into control (n = 10- 12) or treatment (n = 6) groups. Control group was given vehicle and treatment groups were 
orally given fluzoparib (F), olaparib (O), and temozolomide (TMZ) (50 mg/kg) alone or in combination. Top panels, dosing schedule; bottom 
panels, tumor volume and body weight. Error bars represent mean ± SEM. D, day
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cancer cells to cytotoxic drugs. The in vitro anticancer activities of 
fluzoparib were comparable to that of olaparib, which provided a 
basis for the significant antitumor activity in vivo.

Second, fluzoparib had favorable pharmacokinetic/pharmacody-
namic properties. In the MDA- MB- 436 xenografts model, fluzoparib 
was rapidly absorbed and showed much higher exposure in tumor 
than plasma. Moreover, the concentrations of fluzoparib in tumor 
remained at high levels even at 24 hours after treatment. It is note-
worthy that the calculated oil- water partition coefficients (log- P) 
of fluzoparib (4.2) was higher than that of olaparib (3.0), which indi-
cated that the lipid solubility of fluzoparib was better than olaparib. 
The better lipid solubility of fluzoparib might make it easier to enter 

xenografts. Olaparib has been shown to be excluded from the cen-
tral nervous systems under normal conditions but reliably penetrated 
recurrent glioblastoma at therapeutic levels.7 It was assumable that 
fluzoparib might be easier to cross the blood- brain barrier and have 
a potential advantage in the treatment of brain tumor. More impor-
tantly, the exposure and bioavailability of fluzoparib in female rats 
were both higher than those of olaparib.20 All these data supported 
that fluzoparib was a drug with favorable pharmacokinetic/pharma-
codynamic properties. Another significant characteristic of fluzoparib 
was its favorable toxicity profile. It has been reported that hemato-
logic toxicities, including neutropenia, thrombocytopenia, and anemia 
are major adverse effects of PARP inhibitors and greatly limit their 
clinical application.21 In an acute toxicity study of olaparib, a single 
oral dose at 300 mg/kg in female rats led to animal death on day 2 
and produced abnormal clinical signs, such as salivation, lachrymation, 
hypothermia, hunched posture, and palpebral closure.20 In this study, 
we raised the dose of fluzoparib to 1000 mg/kg in female mice and 
2000 mg/kg in female rats; even so, no mortality or adverse signs 
were found. In a chronic toxicity study of olaparib, continuous oral 
dosing at 40 mg/kg for 28 days in female rats caused weight- easing, 
hematologic toxicities (changes in white cell populations, red blood cell 
parameters, and the precursor hematopoietic cells in the bone mar-
row) and histopathological changes (bone marrow, spleen, liver, and 
thymus).20 In this study, fluzoparib was given orally for a longer time 
(30 mg/kg for the first 66 days and 60 mg/kg for the next 24 days) 
in female mice. Remarkably, no abnormal changes in clinical signs or 
body weights were observed in this process. Thus, fluzoparib was a 
drug with greatly improved safety profiles compared to olaparib.

A phase I study evaluating the food- effect of 1- dose fluzoparib 
in healthy subjects has been completed (NCT03062982). Fluzoparib 
is currently being investigated in a phase II study to evaluate its 
efficacy and safety in BRCA1/2- mutant relapsed ovarian cancer 
(NCT03509636). Preliminary results showed that fluzoparib had fa-
vorable pharmacokinetic properties and remarkable antitumor ac-
tivity. These results confirm the findings in preclinical research and 
make fluzoparib an attractive PARP inhibitor.

As PARP inhibitors are a class of anticancer agents that target 
defects in DNA repair, the clinical application of PARP inhibitors 
as monotherapy is restricted mainly to BRCA- mutated, platinum- 
sensitive ovarian and breast cancers. To expand the indication of 
PARP inhibitors, we explored several combination regimens and 
found that the 2- drug combination of fluzoparib with apatinib and 
3- drug combination of fluzoparib, apatinib, and paclitaxel showed 
improved antitumor effects without increased toxicity in a BRCA WT 
gastric cancer PDX model. Apatinib is a vascular endothelial growth 
factor receptor- 2 inhibitor approved by the China Food and Drug 
Administration for the treatment of late- stage gastric cancer.22 It is 
suggested that anti- angiogenic drugs act by blocking angiogenesis 
and, as a consequence, inducing hypoxia.23 Chronic hypoxia can de-
crease the synthesis of BRCA124 and RAD51,25 and thus decrease 
HR in cancer cells.25 Several studies report that anti- angiogenic 
drugs can potentiate PARP inhibitors.26 Here, we show that flu-
zoparib combined with apatinib shows robust antitumor activity. 

F IGURE  7 Antitumor activity of fluzoparib in patient- derived 
xenograft models. Nude mice bearing xenografts derived from 
gastric tumor of a patient were randomized into control (n = 6) 
or treatment (n = 6) groups. Control group was given vehicle and 
treatment groups were given fluzoparib (F, 30 mg/kg, p.o.), apatinib 
(A, 50 mg/kg, p.o.), cisplatin (C, 5 mg/kg, i.p.), and paclitaxel (P, 
15 mg/kg, i.p.) alone or in combination. Top panel, dosing schedule; 
bottom panel, tumor volume and body weight. Error bars represent 
mean ± SEM
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Based on these data, a phase I study to evaluate the tolerability 
and efficacy of fluzoparib in combination with apatinib in recurrent 
ovarian cancer or triple negative breast cancer has been initiated 
(NCT03075462). In addition, we find that the 3- drug combination 
of fluzoparib, apatinib, and paclitaxel showed improved antitumor 
effects without increased toxicity. This is the first report to suggest 
that the combination of a PARP inhibitor with an anti- angiogenic 
drug can potentiate the efficacy of cytotoxic agents. Based on this 
finding, a phase I study to evaluate the tolerability and efficacy of 
fluzoparib in combination with apatinib and paclitaxel in recurrent 
and metastatic gastric cancer that progresses following first- line 
therapy has been initiated (NCT03026881).

Together, our study showed that fluzoparib, characterized as a 
novel PARP inhibitor, had potent antitumor activity in preclinical mod-
els. Fluzoparib potently inhibited PARP1 enzyme activity, induced 
persistent DSBs, G2/M arrest, and apoptosis in HR- deficient cells, 
selectively inhibited the proliferation of HR- deficient cells, and sen-
sitized both HR- deficient and HR- proficient cells to cytotoxic drugs. 
Fluzoparib showed good pharmacokinetic properties, favorable tox-
icity profile, and robust in vivo antitumor activity. In particular, fluzo-
parib in combination with apatinib, or in combination with paclitaxel 
plus apatinib, showed remarkable antitumor effects without increased 
toxicity. All these features supported its undergoing clinical trials.
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