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Background: Poly (ADP-ribose) polymerase (PARP) inhibitors ( PARPi ), have been
approved for the treatment of PCa patients in castration resistant prostate cancer (CRPC)
stage. LncRNA maternally expressed gene 3 (MEG3) can inhibit tumorigenesis through
regulating DNA repair gene. This study investigated whether the anti-PCa effect of
niraparib, a representative PARPi, was associated with MEG3 expression, and further
explored their downstream pathway. Methods: The levels of MEG3, miR-181-5p, GATA
binding protein 6 (GATA6) in clinical samples from PCa patients were accessed by RT-
qPCR. PC3 cells were treated with niraparib, and MEG3, miR-181-5p, GATA6 expression
was tested. PC3 cell proliferation, migration, and invasion were tested by CCK-8, wound
healing, and Transwell assays, respectively. The binding between miR-181-5p and
MEG3/GATA6 was determined by dual-luciferase reporter gene assay. Furthermore, we
conducted rescue experiments to investigate the underlying mechanism of
MEG3/miR-181-5p/GATA6 axis in PCa progression. Additionally, mice were injected with
PC3 cells transfected with sh-MEG3 and treated with niraparib, and the xenograft tumor
growth was observed. Results: MEG3 and GATA6 were upregulated and miR-181-5p was
downregulated in PCa patients. Niraparib treatment substantially upregulated MEG3 and
GATA6, and downregulated miR-181-5p expression in PCa cells. Niraparib restrained PC3
cell proliferation, migration, and invasion. MiR-181-5p targeted to MEG3, and the inhibitory
effects of MEG3 overexpression on PC3 cell proliferation and metastasis were abrogated by
miR-181-5p overexpression. Moreover, GATA6 was a target of miR-181-5p, and GATA6
silencing abolished the inhibitory effects of miR-181-5p inhibition on PC3 cell proliferation
and metastasis. Besides, MEG3 silencing could abrogate niraparib-mediated tumor growth
inhibition in mice. Conclusions: Niraparib restrains prostate cancer cell proliferation and
metastasis and tumor growth in mice by regulating the lncRNA MEG3/miR-181-5p/GATA6
pathway
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14 Abstract

15 Background: Poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi), have been approved for the 

16 treatment of PCa patients in castration resistant prostate cancer (CRPC) stage. LncRNA maternally 

17 expressed gene 3 (MEG3) can inhibit tumorigenesis through regulating DNA repair gene. This study 

18 investigated whether the anti-PCa effect of niraparib, a representative PARPi, was associated with MEG3 

19 expression, and further explored their downstream pathway.

20 Methods: The levels of MEG3, miR-181-5p, GATA binding protein 6 (GATA6) in clinical samples from 

21 PCa patients were accessed by RT-qPCR. PC3 cells were treated with niraparib, and MEG3, miR-181-5p, 

22 GATA6 expression was tested. PC3 cell proliferation, migration, and invasion were tested by CCK-8, 

23 wound healing, and Transwell assays, respectively. The binding between miR-181-5p and MEG3/GATA6 

24 was determined by dual-luciferase reporter gene assay. Furthermore, we conducted rescue experiments to 

25 investigate the underlying mechanism of MEG3/miR-181-5p/GATA6 axis in PCa progression. 

26 Additionally, mice were injected with PC3 cells transfected with sh-MEG3 and treated with niraparib, and 

27 the xenograft tumor growth was observed.

28 Results: MEG3 and GATA6 were upregulated and miR-181-5p was downregulated in PCa patients. 

29 Niraparib treatment substantially upregulated MEG3 and GATA6, and downregulated miR-181-5p 

30 expression in PCa cells. Niraparib restrained PC3 cell proliferation, migration, and invasion. MiR-181-5p 

31 targeted to MEG3, and the inhibitory effects of MEG3 overexpression on PC3 cell proliferation and 

32 metastasis were abrogated by miR-181-5p overexpression. Moreover, GATA6 was a target of miR-181-5p, 

33 and GATA6 silencing abolished the inhibitory effects of miR-181-5p inhibition on PC3 cell proliferation 

34 and metastasis. Besides, MEG3 silencing could abrogate niraparib-mediated tumor growth inhibition in 
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35 mice.

36 Conclusions: Niraparib restrains prostate cancer cell proliferation and metastasis and tumor growth in mice 

37 by regulating the lncRNA MEG3/miR-181-5p/GATA6 pathway

38 Keywords: PCa, niraparib, PRAPi, lncRNA MEG3, miR-181-5p, GATA6

39

40 1. Introduction

41 Prostate cancer (PCa) is the second most common lethal cancer and ranks second in terms of 

42 mortality in males worldwide [1]. The aging population has recently contributed to a shape rise in 

43 the incidence and mortality of PCa. According to the cancer statistics of 2023, the incidence of 

44 PCa is increasing by 3% every year, which is equivalent to 99,000 new cases [2]. Surgery and 

45 radiation therapy have great limitations for PCa patients, and a great many of patients died or 

46 developed metastasis. Surgical treatment has high risk and complications and affect the quality 

47 of life of patients, and has the possibility of recurrence and distant metastasis. Radiation therapy 

48 have a biochemical recurrence rate of approximately 40% and may cause side effects such as 

49 frequent urination and urgency. It was also may not be effective for advanced PCa. The metastatic 

50 PCa has been linked to the increased risk of mortality. The mortality rate of PCa accounts for 

51 13% of all cancers, which seriously affects the subsistence and life quality of patients [3]. At 

52 present, the main therapy for PCa is androgen deprivation (ADT) therapy, which can suppress 

53 tumor growth and delay clinical tumor progression [4]. However, the generation of ADT 

54 resistance in PCa patients drives the disease to castration resistant prostate cancer (CRPC) stage 

55 [5, 6]. Currently, continuous in-depth studies have developed various new drugs for CRPC. 

56 However, this poses a major challenge for clinical treatment, including selecting specific 

57 therapies for individual patients, developing the best combination of new effective drugs, and 

58 exploring the mechanisms of acquired resistance [7].

59 Drugs targeting poly (ADP-ribose) polymerase (PARP) to regulate cell proliferation and 

60 metastasis have been gradually applied for PCa treatment in clinic [8]. PARP inhibitors (PARPi) 

61 take effect through the synthetic lethality of homologous recombination repair gene defects such 

62 as BRAC to inhibit DNA damage repair and promote apoptosis in cancer cells [9, 10]. PARPi 

63 inhibit the catalytic activity of PARP1 through competitive binding with its catalytic domain, and 

64 then the single strand break can�t be repaired and converse to double strand break. If homologous 

65 recombination (HR) repair gene defects exist in cancer cells, DNA damage can�t be repaired and 

66 induce cancer cell apoptosis [11]. Moreover, PARPi enhance the binding strength of PARP-1 and 

67 damaged DNA, and induce PARP1 trapping, thus blocking the possible DNA repair pathway and 

68 finally killing cancer cells [11]. DNA repair pathway depend on PARP1 enzyme when HR repair 
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69 gene defects, and PARPi will effectively impede DNA repair and ultimately kill cancer cells. 

70 However, the presence of HR repair gene can still repair DNA damage and make cells survive, so 

71 PARPi can be used as targeted drugs to selectively kill cells with HR repair gene defects [10]. 

72 PARPi have been approved for the treatment of breast and ovarian cancer [12, 13]. Olaparib and 

73 talazoparib, are already approved by the United States Food and Drug Administration (FDA) for 

74 BRCA-mutated breast cancer, based on positive outcomes in phase3 trials [12]. Niraparib 

75 treatment had significantly longer progression-free survival in patients with advanced ovarian 

76 cancer than placebo treatment [14]. The application of PARPi also has been expanded to treat 

77 advanced PCa. It has been confirmed that olaparib treatment improves the overall survival rate of 

78 metastatic CRPC patients with homologous recombination repair defects, which may be achieved 

79 by promoting DNA damage-induced cell death suppressed tumor growth [15]. Subsequent 

80 research further confirmed that CRPC patients with multiple DNA homologous recombination 

81 repair gene defects could also benefitted from PARPi with a comprehensive response rate of 

82 46.7% [16]. Especially, it was reported that niraparib and talazoparib showed impressive 

83 performance in phase II trials for metastatic CRPC patients [17]. Moreover, niraparib treatment 

84 improved the objective response rate and progression-free survival in patients with biallelic 

85 BRCA1/2 alterations [18]. It is generally recognized that the regulatory mechanisms of PARPi 

86 mainly focus on DNA genetic variations and protein expression-mediated proliferation and 

87 apoptosis. There are numerous biomarkers have been explored, such as BRCA mutations and other 

88 genetic mutations related to HR. however, there are still no gold standards for determining 

89 patients who are candidates for PARPi therapy. At present, it�s not clear that whether PARPi exert 

90 antitumor effects through regulating the transcriptome level. We need to consider the complex 

91 interactions among various genes and proteins in the underlying mechanisms to create more 

92 precise prognostic and therapeutic indicators and identify suitable candidates among the patient 

93 population for the use of PARPi.

94 Multiple abnormal expressed lncRNAs play an important role in PCa development, and which 

95 has been identified as promising therapeutic target for PCa [19]. lncRNAs can serve as the 

96 prognostic and diagnostic markers in clinic [20]. Moreover, lncRNAs regulate the drug resistance 

97 and immune evasion of PCa cells [21]. Notably, microarray and RNAseq technologies have 

98 determined numerous predictive lncRNAs involved in biologically pathways including ADT 

99 therapy and PARP inhibition [22]. But it is still unclear that whether the roles of lncRNAs in 

100 PARPi-mediated anti-PCa effect. There is evidence that lncRNA maternally expressed gene 3 

101 (MEG3) was downregulated in PCa tissues and cells, and MEG3 overexpression could mitigate 

102 the abilities of PCa cell proliferation, migration, and invasion through regulating the miR-9-
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103 5p/QKI-5 axis [23]. Another study also proposed that MEG3 overexpression restrained the 

104 viability, clonogenicity, invasion and migration of PC3 cells, as well as the tumorigenic effects 

105 of PC3 cells in mice [24]. More importantly, MEG3 was found to be involved in the regulation of 

106 some DNA repair gene. For instance, it was previously reported that MEG3 impeded ovarian 

107 cancer cell proliferation and via promoting the DNA repair gene PTEN expression [25]. Also, it 

108 was showed that MEG3 restrained bladder cancer cell progression and tumor growth by promoting 

109 PTEN expression via sponging miR-494 [26]. MEG3 suppressed the proliferation and metastasis 

110 of gastric cancer by increasing p53 transcription and expression, which can protect the genome 

111 by coordinating various DNA damage response mechanisms [27]. In addition, MEG3 expression 

112 was significantly upregulated after ischemia-reperfusion, which decreased intact PARP1 level 

113 and increased cleavage PARP1 level, thus promoting cell apoptosis [28]. These studies suggested 

114 that PARP targeted CRPC therapies may require the activation of MEG3 to regulate DNA repair 

115 gene to exert anti-PCA effects. However, whether PRAPi can affect the expression of MEG3 in 

116 PCa cells is not clear.

117 In this study, we confirmed that MEG3 was conspicuously downregulated in PCa patients and cell 

118 lines. We further found that MEG3 was upregulated in PCa cells after PRAPi (niraparib) treatment, 

119 which may be associated with PRAPi-mediated anti-PCa effect. Therefore, we further investigated 

120 niraparib/MEG3-mediated downstream pathways in PCa.

121

122 2. Materials and Methods

123 2.1 Clinical specimens

124 PCa patients (n=20, average age=51.4±8.6 years) were recruited from Shaanxi Provincial People's 

125 Hospital. The inclusion criteria were listed below: (a) patients were diagnosed as PCa by pathological 

126 investigations. (b) clinical information is comprehensive and tissue samples are available for use in 

127 experiments. (c) patients were not received any anti-tumor medications and treatments. Patients with other 

128 prostatic diseases, other malignant tumors, and severe complicated diseases of heart, lung, kidney and other 

129 organs or severe infectious diseases or received any anti-tumor treatment were excluded. PCa tissues and 

130 non-tumor adjacent tissues were excised from the patients during survey. All collected tissues were frozen 

131 in liquid nitrogen immediately and stored at -80°C before use. All samples obtained in this study were 

132 approved by the ethics committee of Shaanxi Provincial People's Hospital and abided by the ethical 

133 guidelines of the Declaration of Helsinki, and ethics committee agreed to waive informed consent.

134 2.2 Cell culture and treatment

135 PCa cell line PC3 (article number: CRL-3471) was acquired from ATCC (Manassas, VA, USA). Cells 

136 were maintained in DMEM containing 10% fetal bovine serum and antibiotics under 5% CO2 at 37°C. Cells 
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137 were used for subsequent experiments after three passages. For niraparib treatment, PC3 cells were 

138 incubated with different final concentrations of niraparib (0, 1, 2, 4, 8  for different times (0, 30, 60, 

139 120, 240 min). 

140 2.3 Cell transfection

141 Ribobio (Guangzhou, China) provided pcDNA-MEG3, small hairbin RNA targeting MEG3 (sh-

142 MEG3), miR-181-5p mimic, miR-181-5p inhibitor, sh-GATA6 and their corresponding negative controls. 

143 For pcDNA vector construction, the pcDNA.3.1 vector and the DNA fragment containing the target gene 

144 were double-digested with restriction endonuclease BamH I and Age I, and then the two digested products 

145 were linked with T4-DNA ligase. The recombinant vector was transformed into E. coli  competent 

146 cells. monoclonal colonies were selected for culture and positive transformants were screened. The 

147 constructed vector was verified by double digestion and sequencing analysis. They were transfected into 

148 PC3 cells with Lipofectamine 3000 regent (Invitrogen, USA). The transfection concentrations were as 

149 follows: pcDNA-MEG3 (2  mimic (50 nM), inhibitor (100 nM), and shRNA (1  Cells were 

150 harvested for further experiments after 48 h of transfection.

151 2.4 RT-qPCR analysis

152 PC3 cells were incubated with TRIzol reagent (Invitrogen, USA) to extract total RNAs, whilch were 

153 quickly frozen in -80°C until used. The RNA concentration was tested using NanoDrop 2000 (Thermo 

154 Fisher, USA) RNAs were then subjected to synthesize complementary DNA by using a cDNA Reverse 

155 Transcription Kit (Invitrogen, USA) with temperature protocol: 70°C for 5 min, 37°C for 5 min and 42°C 

156 for 60 min. RT-qPCR reaction was conducted with SYBR Green PCR Kit (Applied Biosystems, USA) 

157 under the reaction condition: 95°C for 10 min, and 40 times repeat of 95°C for 30 s and 60°C for 1 min. 

158 The reaction system included 12.5  of SYBR Green PCR Mix, 1.0  of primer (Final concentration 0.5 

159  1  of cDNA sample, and 10.5  of double distilled H2O. Finally, the specificity of primer was 

160 verified by dissolution curve analysis, and the amplification specificity was considered to be better when 

161 the melting curve was single peak and Tm>80℃. LncRNA MEG3 and GATA6 expression levels were 

162 normalized to GAPDH and miR-181-5p were normalized to U6, and calculated by the 2  method. The 

163 following primer sequences were used: MEG3 (forward, 5'‑AGT CCA TCG CAG ATA CTG 

164 GC‑3' and reverse, 5'-GGG AAT AGG TGC AGG GTG TC-3'), GATA6 (forward, 5'‑TGC AAT 

165 GCT TGT GGA CTC TA‑3' and reverse, 5'- GTG GGG GAA GTA TTT TTG CT-3'), GAPDH 

166 (forward, 5'‑CGG AGT CAA CGG ATT TGG TCG TAT‑3' and reverse, 5'‑AGC CTT CTC CAT 

167 GGT GGT GAA GAC‑3'), miR-181-5p (forward, 5'‑GAA CAT TCA ACG CTG TCG GTG‑3' and 

168 reverse, 5'‑. ATC CAG TGC AGG GTC CGA GGT A-3 ), and U6 (forward, 5'‑CTC GCT TCG 

169 GCA GCA CA‑3' and reverse, 5'‑AAC GCT TCA CGA ATT TGC GT‑3').
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170 2.5 Co-expression network analysis

171 The interaction between MEG3 and miRNAs, as well as miRNA and mRNA were predicted 

172 by TargetScan, miRTarBase and miRDB databases. The predicted target genes were then 

173 compared with the data set. The differentially expressed miRNAs and mRNAs take the 

174 intersection to obtain candidate target genes. Based on the regulatory relationship among MEG3, 

175 miRNA and mRNA, the MEG3-miRNA-mRNA regulatory network was established.

176 2.6 CCK-8 assay

177 Cell counting kit 8 (CCK-8) assay was employed to access cell proliferation. After transfection and 

178 Niraparib treatment, PC3 cells were inoculated in a 96-well plate (5×103/well). Cells were then cultured for 

179 0, 24, 48 and 72 h respectively before adding 10  of CCK-8 (Beyotime, Jiangsu, China) solution into the 

180 culture medium in each well. After 2 h of incubation, the absorbance at 450 nm was accessed with a 

181 microplate reader (Bio-Rad, USA).

182 2.7 Wound healing assay

183 After transfection and Niraparib treatment, PC3 cells were inoculated in a 6-well plate. On the back 

184 of the 6-well plate, uniform horizontal lines were scratched with a marker pen at approximately 0.5-1cm 

185 intervals. At least five lines were passed through each hole. Cell were incubated under 5% CO2 at 37°C 

186 until confluence reached to 60�70%. Next, the cell surface was lightly scratched with a sterile 

187 micropipette tip, and the detached cells were removed through PBS flushing. Afterwards, serum-

188 free medium was added into plates and cultured for 24 h. Wound healing area was monitored under 

189 a light microscope (Nikon, Japan) at different points of time, and the wound healing distance was 

190 analyzed by ImageJ software.

191 2.8 Transwell invasion assay

192 Transwell chamber (8  pore size; Corning, NY, USA) precoated with 50 µL Matrigel were used in 

193 Transwell invasion assay. The transfected PC3 cells suspended in FBS-free DMEM were seeded in the 

194 upper chamber, followed by addition of DMEM containing 10% FBS into the lower chamber. After 24 h 

195 culture at 37°C, the invading cells in the lower chamber were stained by 0.1% crystal violet, and then 

196 observed under and analyzed under a light microscope (Nikon, Japan).

197 2.9 Western blot analysis

198 Protein s in PC3 cells or tissues were extracted using RIPA assay (Invitrogen, USA). The protein 

199 samples were mixed with loading buffer at a 4:1 ratio and then boiled at 95°C for  Afterwards, 

200 proteins (30  were added to 10% SDS-PAGE and then transferred to a PVDF membrane (Millipore, 

201 Bedford, MA, USA). After blocked with 5% skimmed milk, the membranes were incubated with primary 

202 antibodies (Abcam) including GATA6 (1 mg/mL, 1:1000; ab175349), E-cadherin (0.294 mg/mL, 1:1000; 

203 ab40772), ICAM-1 (0.624 mg/mL, 1:1000; ab109361), CD44 (1 mg/mL, 1:1000; ab243894) and GAPDH 
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204 (1 mg/mL, 1:2500; ab9485) overnight at  and then incubated with secondary antibody (2 mg/mL, 

205 1:2000; ab6721) at  for 2 h. Protein bands were developed with the enhanced chemiluminescence 

206 system (Amersham, UK) and analyzed with ImageJ software (NIH, Bethesda, USA).

207 2.10 Dual-luciferase reporter assay

208 The binding sites of miR-181-5p in MEG3 and GATA6 was searched in the Starbase v3.0 software 

209 (http://starbase.sysu.edu.cn/). We clicked the item of miRNA target and chose miRNA-lncRNA/miRNA-

210 mRNA, and entered miR-181-5p in the miRNA item, and all lncRNAs/mRNAs have potential binding 

211 relationship with miR-181-5p would appear. Then we searched MEG3/GATA6 to get corresponding 

212 binding sites. For dual-luciferase reporter assay, the 3' UTR sequence of the predicted target 

213 lncRNA/mRNA was inserted into the 3' UTR of the firefly luciferase vector. Then the constructed vector 

214 was co-transfected with miRNA into cells. If miRNA can bind to the inserted 3' UTR sequence of 

215 lncRNA/mRNA, the translation of firefly luciferase is inhibited, resulting in a decrease in fluorescence 

216 value. renilla luciferase was used as an internal reference. The ratio of fluorescence values between firefly 

217 luciferase and renilla luciferase was taken as the relative luciferase activity. The MEG3-wild type (WT), 

218 MEG3 mutant type (MUT), GATA6-WT and GATA6-MUT reporter vectors were constructed by Transgen 

219 Biotech (Beijing, China). The fragments of MEG3 or GATA6 containing the wild or mutated 

220 miR‐181‐5p binding site were synthesized and cloned into pmirGLO vector (Promega, Madison, WI, 

221 USA). Next, these plasmids were co-transfected into PC3 cells with NC mimic or miR-2113 mimic using 

222 Lipofectamine 3000 reagent for 48 h at 37°C. The relative luciferase activity was tested with a Dual-

223 Luciferase Reporter Assay System (Promega, Madison, WI, USA).2.11 Animal studies

224 Healthy male BALB/c nude mice (20 ± 2 g) were provided by the experimental animal center of 

225 Xi'an Jiaotong University. Animal experiments were approved and supervised by the Animal 

226 Ethics Committee of Shaanxi Provincial People's Hospital. All methods were carried out in 

227 accordance with relevant guidelines and regulations. Mice were maintained in cages under a 

228 standard experiment environment (12 h light/dark cycle, 22-25°C temperature, 55-60% humidity) 

229 with free access to standard food and water. Mice were divided into four groups based on the 

230 random number table method: PBS, Niraparib, Niraparib+sh-NC, Niraparib+sh-MEG3 (n=8 per 

231 group). After 7 days of acclimatization, PC3 cells (1×106, 200 L) were subcutaneously injected into 

232 the left flanks of mice to establish a xenograft tumor model. For niraparib treatment, niraparib was diluted 

233 in PBS (200 µL) and administered intraperitoneally into mice five days per week for four weeks. The same 

234 volume of PBS was used as control. For Niraparib+sh-NC and Niraparib+sh-MEG3 groups, PC3 cells 

235 transfected with sh-NC or sh-CENPA were injected into mice, followed by niraparib treatment. All 

236 mice were carefully nursed after treatment. Afterwards, we measured the length and width of 

237 tumors every 7 days, and tumor volume was calculated by the formula: volume = [length × width2]/2. 28 
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238 days later, mice were euthanized with an intraperitoneal injection of 100 mg/kg pentobarbital sodium, and 

239 tumors were excised, imaged by a camera (Z5; Nikon, Japan), and weighed. The tests were 

240 conducted by 2 independent researchers blinded to the experimental groups. 

241 2.12 Immunohistochemistry assay

242 Tumor tissues were fixed in 10% formaldehyde and embedded in paraffin, and cut to prepare 4 µm 

243 thick slices. Slices were microwaved with sodium citrate solution and inactivated with 3% H2O2 for 10 min. 

244 Next, slices were incubated with Ki-67 antibodies (1:200; Abcam, ab16667) or negative control IgG (1:300; 

245 Abcam, ab109489) overnight at 4°C and then secondary antibody (1:1000; Abcam, ab6721) for 1 h. 

246 Afterwards, the slices were stained by using a DAB kit (Beyotime, China) and captured images with a light 

247 microscope.

248 2.13 Statistical analysis

249 Experimental data from at least triplicate experiments were presented as mean± deviation (SD). The cell 

250 sample size is N=6, and the animal sample size is N=8. SPSS 22.0 software was used for Statistical analysis. 

251 The normal distribution of data was verified by the Shapiro-Wilk test, and the homogeneity of variances 

252 was verified by the Levene�s test. Student�s t test was used for comparations between two groups, and one-

253 way analysis of variance (ANOVA) followed by Tukey-Kramer correction was used for comparations 

254 among multiple groups. Non-parametric tests (Kruskal-Wallis test/Mann-Whitney test) were used if data 

255 were not normally distributed or variances were not homogeneous. P <0.05 was considered statistically 

256 significant.3. Results

257 3.1 LncRNA MEG3/miR-181-5p/GATA6 was intimately related in PCa

258 We first access MEG3 expression in tumor tissues of PCa patients, and our RT-qPCR results illustrated 

259 that MEG3 was dramatically downregulated in tumor tissues compared with non-tumor tissues (Fig. 1A). 

260 Then, we found that the MEG3/miR-181-5p/GATA binding protein 6 (GATA6) axis was intimately related 

261 in PCa by Co-expression network analysis (Fig. 1B). Additionally, our results implied that miR-181a-5p 

262 was obviously upregulated (Fig. 1C) and GATA6 mRNA was downregulated (Fig. 1D) in tumor tissues of 

263 PCa patients. As expected, MEG3 expression was negatively correlated with miR- miR-181-5p expression 

264 (Fig. 1E), and miR-181-5p expression was negatively correlated with GATA6 mRNA (Fig. 1F) in our 

265 recruited PCa patients.

266 3.2 Niraparib treatment upregulated MEG3 and GATA6, and downregulated miR-181-5p expression 

267 in PCa cells 

268 PARPi take effect through the synthetic lethality of homologous recombination repair gene defects 

269 such as BRAC to inhibit DNA damage repair and promote apoptosis in cancer cells [9, 10]. It was reported 

270 that niraparib showed impressive performance in phase II trials for metastatic CRPC patients [17]. Recent 

271 studies suggested that PARPi therapy may exert anti-PCa effects through activating MEG3 and thereby 
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272 promoting PARP cleavage [25, 26, 28]. Thus, we explored whether the anti-PCa effect of niraparib is related 

273 to the change of MEG3 expression. We first treated PC3 cells with different concentrations of niraparib. 

274 CCK-8 assay showed that niraparib treatment restrained PC3 cell proliferation in a dose dependent manner, 

275 and 4  4  and 8  niraparib had comparable inhibitory activity against PCa cell proliferation (Fig. 

276 2A). Then, we treated PC3 cells with niraparib for 0, 30, 60, 120 min. It was observed that niraparib-

277 mediated PC3 cell proliferation inhibition effect enhanced with incubation time (Fig. 2B). Next, we 

278 investigated whether niraparib affect MEG3 expression in PC3 cells. RT-qPCR results revealed that 

279 niraparib treatment substantially upregulated MEG3 expression in a dose dependent manner, and which 

280 reached peak value at 4  (Fig. 2C). Moreover, the promoting effect of niraparib on MEG3 expression 

281 intensified with incubation time, and which reached peak value at 120 min (Fig. 2D). Besides, we also 

282 found that niraparib treatment downregulated miR-181-5p expression (Fig. 2E, 2F). and upregulated 

283 GATA6 mRNA expression (Fig. 2G, 2H). Thus, our results implied that the anti-PCa effects of niraparib 

284 was associated with the MEG3/miR-181-5p/GATA6 axis.

285 3.3 Niraparib treatment restrained PCa cell proliferation, migration and invasion

286 We then investigate the exact effects of niraparib on Pca cell behaviors. PC3 cells were incubated with 

287 4 nM niraparib for 120 min. Wound healing assay suggested that niraparib treatment remarkably restrained 

288 PC3 cell migration (Fig. 3A, 3B). Meanwhile, the invasion abilities of PC3 cells were suppressed by 

289 niraparib (Fig. 3C, 3D). Furthermore, it was obviously showed that niraparib incubation decreased E-

290 cadherin protein level and increased ICAM-1 and CD44 protein levels in PC3 cells (Fig. 3E, 3F), indicating 

291 that niraparib inhibited PCa cell metastasis. 

292 3.4 MiR-181-5p and GATA6 were downstream genes of MEG3 in PCa cells 

293 We next perfected the molecular mechanisms of MEG3/miR-181-5p/GATA6 axis. As searched by 

294 Starbase software, miR-181a-5p had putative complementary binding sites with the  of MEG3 and 

295  of GATA6 (Fig. 4A). Dual-luciferase reporter assay demonstrated that miR-181-5p mimic 

296 substantially suppressed the luciferase activity of wild MEG3 but not mutant MEG3, while NC mimic had 

297 no effects on the luciferase activity of wild and mutant MEG3 (Fig. 4B). Also, the luciferase activity of 

298 wild GATA6 was obviously inhibited by transfection of miR-181-5p mimic, but the mutant GATA6 group 

299 was not affected in PC3 cells (Fig. 4C). Afterwards, we confirmed that transfection of pcDNA-MEG3 

300 obviously facilitated MEG3 expression in PC3 cells compared with transfection of empty vector, while 

301 transfection of sh-MEG3 restrained MEG3 expression compared with transfection of sh-NC (Fig. 4D). 

302 Notably, pcDNA-MEG3 transfection remarkably inhibited miR-181-5p expression compared with empty 

303 vector, while sh-MEG3 transfection facilitated miR-181-5p expression compared with sh-NC transfection 

304 (Fig. 4E). Additionally, transfection of miR-181-5p mimic increased miR-181-5p expression compared 

305 with NC mimic, while transfection of miR-181-5p inhibitor suppressed miR-181-5p expression compared 

PeerJ reviewing PDF | (2023:07:88068:1:1:NEW 25 Aug 2023)

Manuscript to be reviewed



306 with NC inhibitor (Fig. 4F). Moreover, miR-181-5p mimic transfection prominently reduced GATA6 

307 mRNA and protein levels compared with NC mimic, but they were elevated after miR-181-5p inhibition 

308 while transfection of miR-181-5p inhibitor elevated GATA6 mRNA and protein levels compared with NC 

309 inhibitor (Fig. 4G-4I). These above results confirmed that the miR-181-5p and GATA6 were downstream 

310 genes of MEG3 in PCa cells.

311 3.5 MiR-181-5p overexpression reversed MEG3 overexpression-mediated inhibition of PCa cell 

312 progression 

313 We then adopted rescue experiments to determine the roles of MEG3/miR-181-5p/GATA6 axis in 

314 PCa cell progression. PC3 cells were co-transfected with pcDNA-MEG3 and miR-181-5p mimic. First, we 

315 observed that MEG3 overexpression suppressed miR-181-5p expression in PC3 cells, whereas miR-181-

316 5p mimic transfection increased miR-181-5p level (Fig. 5A). Then, MEG3 overexpression prominently 

317 restrained PC3 cell proliferation, which were abolished by miR-181-5p overexpression (Fig. 5B). 

318 Furthermore, MEG3 overexpression suppressed PC3 cell migration (Fig. 5C, 5D) and invasion (Fig. 5E, 

319 5F), whereas miR-181-5p overexpression retarded these effects. Besides, MEG3 overexpression decreased 

320 E-cadherin protein level and increased ICAM-1 and CD44 protein levels in PC3 cells (Fig. 3G, 3H), while 

321 this expression pattern was reversed by miR-181-5p overexpression. These results illustrated that MEG3 

322 overexpression mediated PCa cell biological functions via regulating miR-181-5p expression.

323 3.6 GATA6 silencing abrogated the effects of miR-181-5p inhibition on T24/DDP cell behaviors

324 Next, PC3 cells were transfected with miR-181-5p inhibitor and si-GATA6. Western blot results 

325 proposed that miR-181-5p inhibition markedly enhanced GATA6 expression, while si-GATA6 

326 transfection decreased GATA6 expression (Fig. 6A). MiR-181-5p inhibition suppressed PC3 cell 

327 proliferation (Fig. 6B), while GATA6 silencing retarded this effect. Also, miR-181-5p inhibition 

328 mitigated PC3 cell migration (Fig. 6C, 6D) and invasion (Fig. 6E, 6F), while these effects were abrogated 

329 by miR-181-5p inhibition. Additionally, our results suggested that E-cadherin level was reduced and 

330 ICAM-1 and CD44 levels were increased after miR-181-5p inhibition, while these effects were reversed 

331 by GATA6 silencing (Fig. 7G, 7H). The rescue experiment results implicated that MEG3 could attenuated 

332 PCa cell progression through the miR-181-5p/GATA6 axis.

333 3.7 Niraparib mitigated PCa tumor growth in vivo through regulating the MEG3/miR-181-

334 5p/GATA6 axis.

335 We finally investigated the correction between niraparib and the MEG3/miR-181-5p/GATA6 

336 axis in vivo. PC3 cells were injected into mice to establish a xenograft tumor model. It was clearly 

337 observed that tumor volume and weight were conspicuously decreased after niraparib injection 

338 compared with injection of PBS, whereas MEG3 silencing could retarded niraparib-mediated 

339 tumor inhibition (Fig. 7A-7C). Next, Immunohistochemistry assay suggested that niraparib 
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340 treatment intensified MEG3 and GATA6 expression and decreased miR-181-5p expression in tumor 

341 tissues, while MEG3 silencing abolished these effects (Fig. 7D-7F). In addition, 

342 immunohistochemistry assay illustrated that niraparib injection reduced Ki67 protein level in 

343 tumors, which were then reversed by MEG3 silencing (Fig. 7G, 7H). Therefore, our results 

344 proposed that niraparib mitigated PCa tumor growth in vivo through regulating the MEG3/miR-

345 181-5p/GATA6 axis.

346

347 4. Discussion

348 The development of PARPi therapy has prominently improved the treatment outcomes of metastatic 

349 PCa patients with certain genetic mutations [29]. It was reported that niraparib and talazoparib showed 

350 impressive performance in phase II trials for metastatic CRPC patients [17]. A phase 2 clinical trial 

351 demonstrated that niraparib is relatively safe and exhibits anti-tumour activity in patients with metastatic 

352 CRPC [30]. Moreover, a recent study illustrated that niraparib offered better tissue exposure and more 

353 potent tumor growth suppression in PCa bone metastasis mice, compared with other PARPi [31]. The 

354 present study investigated niraparib-mediated anti-PCa molecular mechanisms. 

355 Current evidence revealed that lncRNA MEG3 was downregulated in PCa tissues. MEG3 

356 overexpression mitigated PCa cell proliferation and metastasis and induce apoptosis, and 

357 attenuated tumor development in mice [23, 24]. Notably, MEG3 was found to be involved in the 

358 progression of multiple cancers through regulating some DNA repair gene, such as PTEN [25, 

359 26] and p53[27]. Importantly, it was found that MEG3 overexpression could decreased intact 

360 PARP level and increased cleavage PARP level, thus promoting cell apoptosis [28]. Based on these 

361 findings, we hypothesized that PARPi therapy may require the activation of MEG3 to regulate DNA 

362 repair gene to exert anti-PCA effects. The effect of PRAPi on MEG3 expression has not been 

363 studied to date. Therefore, to explore more targets for PRAPi therapy, it�s of great significance to 

364 investigate the impact of MEG3 expression on PARP1 targeted CRPC treatment. As expected, our results 

365 showed that niraparib treatment upregulated MEG3 expression in PCa cells. Additionally, niraparib 

366 administration restrained tumor growth in a PCa xenograft mouse model, while MEG3 silencing treatment 

367 retarded these effects. Thus, niraparib mediated-MEG3 upregulation is a crucial mechanism for tumor 

368 inhibition. 

369 Our study screened out miR-181-5p that showed high expression in PCa and was negatively correlated 

370 to MEG3 expression. A previous miRNA-microarray analysis identified that miR-181-5p was associated 

371 with drug resistance and efflux, and epithelial to mesenchymal transition in PCa [32]. MiR-181-5p could 

372 also lead to cisplatin resistance in PCa cells through complementary interactions with the 3 'UTR of the 

373 proapoptotic protein BAX transcript [33]. Moreover, MiR-181 facilitated PCa cell proliferation and tumor 
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374 development in mice through regulation of an androgen receptor negative regulator, DAX1 [34]. We can 

375 see that miR-181-5p is closely related to the natural course, drug resistance, and androgen receptor 

376 resistance of PCa. Our study implied that miR-181a-5p was obviously upregulated in PCa patients, and its 

377 expression was negatively correlated with MEG3 expression. Subsequently, we confirmed miR-181a-5p as 

378 a target of MEG3 in PCa cells through Starbase database prediction and dual-luciferase reporter assay 

379 validation. Rescue experiments implicated that miR-181a-5p overexpression reversed MEG3 

380 overexpression-mediated suppression of PCa cell proliferation and metastasis, implying that MEG3 exerted 

381 anti-PCa effect through reducing miR-181-5p expression.

382 Our study found that the MEG3/miR-181-5p/GATA6 axis was intimately related in PCa. GATA6 is a 

383 member of the gene family with the promoter GATA core conserved sequence. An RNA-sequence analysis 

384 of tumor tissue samples from PCa patients revealed that GAGT6 was a downregulated gene in PCa [35]. 

385 Moreover, lncRNA LINC00261 could intensify GATA6-mediated transcriptional inhibition and then 

386 suppressed PCa tumorigenesis [36]. GATA6 was identified as a downstream of the Linc00518/miR-216b-

387 5p axis, and intimately related to paclitaxel resistance in PCa [37]. Our further study confirmed that GATA6 

388 mRNA was downregulated in PCa patients. GATA6 was a target gene of miR-181-5p, and its expression 

389 was suppressed by miR-181-5p. Furthermore, miR-181-5p inhibition restrained PCa cell proliferation, 

390 migration, and invasion, whereas these effects were abrogated by GATA6 silencing. Therefore, we 

391 proposed that MEG3 participated in PCa progression through the miR-181-5p/GATA6 pathway.

392

393 5 Conclusions

394 Our study illustrated that niraparib, a PRAPi drug for PCa patients, restrained PCa cell invasive and 

395 metastatic phenotypes and delayed tumor growth in mice by upregulating MEG3 expression, which in turn 

396 mediated the miR-181-5p/GATA6 pathway. The findings reveal a novel molecular mechanism by which 

397 the representative PRAPi drug niraparib exerts anti-tumor effects, and provide a theoretical basis for PCa 

398 patient treatment.
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Figure 1
LncRNA MEG3/miR-181-5p/GATA6 was intimately related in PCa.

(A) MEG3 expression in tumor tissues and non-tumor tissues from PCa patients (N=20) was
accessed with RT-qPCR assay. (B) The MEG3/miR-181-5p/GATA6 axis was intimately related
in PCa. (C) MiR-181a-5p and (D) GATA6 mRNA expression levels in tumor tissues and non-
tumor tissues from PCa patients were accessed with RT-qPCR assay. (E) MEG3 expression
was negatively correlated with miR- miR-181-5p expression in our recruited PCa patients. (F)
MiR-181-5p expression was negatively correlated with GATA6 mRNA in our recruited PCa
patients. N=6. Data from at least triplicate experiments were presented as mean ± SD.
**P<0.01.
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Figure 2
Niraparib treatment upregulated MEG3 and GATA6, and downregulated miR-181-5p
expression in PCa cells.

(A) PC3 cell proliferation was accessed with CCK-8 assay after treatment with different
concentrations of niraparib (0, 1, 2, 4, and 8 μM). (B) PC3 cell proliferation was accessed with
CCK-8 assay after treatment with 4 μM niraparib for 0, 30, 60, 120 min. (C) MEG3 expression
was accessed with RT-qPCR assay after treatment with different concentrations of niraparib
(0, 1, 2, 4, and 8 μM). (D) MEG3 expression was accessed with RT-qPCR assay after
treatment with 4 μM niraparib for 0, 30, 60, 120 min. (E) MiR-181-5p expression was
accessed with RT-qPCR assay after treatment with different concentrations of niraparib (0, 1,
2, 4, and 8 μM). (F) MiR-181-5p expression was accessed with RT-qPCR assay after treatment
with 4 μM niraparib for 0, 30, 60, 120 min. (G) GATA6 mRNA expression was accessed with
RT-qPCR assay after treatment with different concentrations of niraparib (0, 1, 2, 4, and 8
μM). (H) GATA6 mRNA expression was accessed with RT-qPCR assay after treatment with 4
μM niraparib for 0, 30, 60, 120 min. N=6. Data from at least triplicate experiments were
presented as mean ± SD. **P<0.01.
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Figure 3
Niraparib treatment restrained PCa cell proliferation, migration and invasion.

PC3 cells were incubated with 4 nM niraparib for 120 min. (A, B) PC3 cell migration was
accessed with wound healing assay. (C, D) PC3 cell invasion was tested with Transwell assay.
(E, F) E-cadherin, ICAM-1, and CD44 protein levels were gauged with Western blot assay.
N=6. Data from at least triplicate experiments were presented as mean ± SD. **P<0.01.
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Figure 4
MiR-181-5p and GATA6 were downstream genes of MEG3 in PCa cells.

(A) StarBase software showed that miR-181a-5p had putative complementary binding sites
with the 3′-UTR of MEG3 and 3′-UTR of GATA6. (B, C) Dual-luciferase reporter assay was
applied to validate the binding between MEG3 and miR-181-5p, as well as miR-181-5p and
GATA6. (D) MEG3 and (E) miR-181-5p expression was gauged with RT-qPCR assay after
transfection of pcDNA-MEG3 or si-MEG3 in PC3 cells. (F) MiR-181-5p expression was gauged
with RT-qPCR after transfection of miR-181-5p mimic or si- miR-181-5p inhibitor in PC3 cells.
(G-I) The mRNA and protein expression of GATA6 was gauged with RT-qPCR or Western blot
assay after transfection of miR-181-5p mimic or miR-181-5p inhibitor in PC3 cells. N=6. Data
from at least triplicate experiments were presented as mean ± SD. **P<0.01.
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Figure 5
MiR-181-5p overexpression reversed MEG3 overexpression-mediated inhibition of PCa
cell progression.

PC3 cells were co-transfected with pcDNA-MEG3 and miR-181-5p mimic. (A) MiR-181-5p level
was tested with RT-qPCR analysis. (B) PC3 cell proliferation was accessed with CCK-8 assay.
(C, D) PC3 cell migration was accessed with wound healing assay. (E, F) PC3 cell invasion was
tested with Transwell assay. (G, H) E-cadherin, ICAM-1, and CD44 protein levels were gauged
with Western blot assay. N=6. Data from at least triplicate experiments were presented as
mean ± SD. **P<0.01.
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Figure 6
GATA6 silencing abrogated the effects of miR-181-5p inhibition on T24/DDP cell
behaviors.

PC3 cells were transfected with miR-181-5p inhibitor and si-GATA6. (A) GATA6 level was
tested with Western blot analysis. (B) PC3 cell proliferation was accessed with CCK-8 assay.
(C, D) PC3 cell migration was accessed with wound healing assay. (E, F) PC3 cell invasion was
tested with Transwell assay. (G, H) E-cadherin, ICAM-1, and CD44 protein levels were gauged
with Western blot assay. N=6. Data from at least triplicate experiments were presented as
mean ± SD. **P<0.01.
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Figure 7
Niraparib mitigated PCa tumor growth in vivo through regulating the
MEG3/miR-181-5p/GATA6 axis.

A xenograft PCa tumor mouse model was establishd, and mice were divided into four groups:
PBS, Niraparib, Niraparib+sh-NC, Niraparib+sh-MEG3 (n=8 per group). (A-C) Tumor volume
and weight were accessed. (D) MEG3 and miR-181-5p expression were gauged with RT-qPCR
assay. (E, F) GATA6 protein level was gauged with Western blot assay. (G, H) Ki67 level was
gauged with immunohistochemistry assay . N=8. Data from at least triplicate experiments
were presented as mean ± SD. *P<0.01.
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