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Abstract 

Osteosarcoma (OS) is an extremely destructive bone tumor mostly 

occurring in children and adolescence. The frequent complications of OS 

are rapid progression and pulmonary metastasis. Current therapeutic 

strategies have significantly improved the 5-year survival rate for patients 

with localized OS, but the recurrence of OS after treatment is very high. The 

prognosis for refractory or recurrent OS patients is still poor and the 5-year 

overall survival rate remains very low. Novel effective therapeutic strategies 

are urgently needed. Genomic instability and a mutational signature similar 

to BRCA deficiency have been found occurring in OS oncogenesis. In 

patients carrying defects in BRCA, a promising therapeutic strategy is to 

inhibit other DNA repair related targets such as poly (ADP-ribose) 

polymerases (PARPs) to achieve synthetic lethality.  

In this study, we investigated the effects of the most widely used PARP 

inhibitor, olaparib, on primary tumor growth and lung metastasis in both 

xenograft and allograft orthotopic OS mouse models. We discovered that 

the PARPi had significantly inhibitory effect on the growth of orthotopic 

tumors, while a risk of lung metastasis was observed. To explore the 

underlying PARPi induced mechanism, we found that the level of PAR and 

PARP1 in cells isolated from the lung tissue was decreased in mice treated 

with or without olaparib. Further investigations identified that PARP1 

induced reduction of PARylation was associated with OS metastasis. 

Importantly, a protein playing a crucial role in OS metastasis, ezrin, was 

identified as an interactive protein for PARP1 and PAR. The phosphorylation 

of ezrin (p-Ezrin) at plasma membrane promotes cell mobility and 

metastasis by crosslinking actin cytoskeleton and plasma membrane. 

Besides the traditional localization of p-Ezrin, it was first time to show its 

nuclear speckle localization as well as its role in promoting RNA export in 

this study. Though epithelial to mesenchymal transition (EMT) mostly refers 
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to cancers of epithelial origin, tumors of mesenchymal origin such as OS 

are found also expressing epithelial markers and could undergo EMT-like 

processes. We found that the phosphorylation of ezrin was inversely 

regulated by the level of PAR. Olaparib treatment induced reduction of 

PARylation stimulated the localization of p-Ezrin in nuclear speckles which 

promoted EMT marker mRNAs export from the nucleus for translation, 

resulting in aggravated metastasis. On the contrary, ezrin knockdown or 

phosphorylation inhibition could rescue olaparib induced metastasis in OS 

cells. Further in vivo investigations confirmed that the co-treatment of PARP 

inhibitor with ezrin inhibitor significantly inhibited orthotopic tumor growth 

and rescued olaparib induced pulmonary metastasis in two mouse models. 

It is worth mentioning that this combination therapy exhibited excellent 

inhibition activity in inhibiting lung metastasis compared to the vehicle group. 

In conclusion, we unveiled a novel mechanism of lung metastasis in OS led 

by downregulated PARylation and upregulated ezrin phosphorylation. This 

study also provides novel insights for the future development of PARP 

inhibitors and ezrin inhibitors in treating OS.  

 

Key words: Osteosarcoma, pulmonary metastasis, PARP inhibitor, ezrin, 

combination therapy 
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CHAPTER 1 Introduction.
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1.1 Osteosarcoma (OS) 

The most frequent bone neoplasm is OS which is characterized by the 

deposition of immature bone-like matrix by spindle cells of mesenchymal 

origin and high metastatic capacity. There are 10 to 26 per million new OS 

cases worldwide each year (Mirabello, Troisi et al. 2009). Adolescents and 

young adults aged from 15 to 19 years old are the main group of OS patients, 

with a smaller second peak after 60 years old (Daw, Chou et al. 2015). OS 

prefers to happen in the bones that grow fast such as long bones especially 

the metaphysis (Bielack, Kempf-Bielack et al. 2002, Clark, Dass et al. 2008). 

Age, height, gender (more common in males), radiation, certain bone 

disorders such as Paget disease of the bone, hereditary multiple 

osteochondromas and fibrous dysplasia, inherited cancer syndromes like 

Retinoblastoma, Li-Fraumeni syndrome, Rothmund-Thomson syndrome, 

Bloom syndrome, Werner syndrome, and Diamond-Blackfan anemia are 

common risk factors of OS (Fuchs and Pritchard 2002). However, the detailed 

etiology is complicated that remains not fully understood. In its early stages, 

the obvious symptoms are sudden fracture, pain, swelling and redness at the 

site of disease. X-ray, magnetic resonance imaging (MRI), and computed 

tomography (CT) are used for OS diagnosis. Positron emission and biopsy 

are often required to confirm the diagnosis. Once diagnosed, surgical 

resection is the most effective therapy for localized OS. Unfortunately, OS 

has a high tendency to distant metastases and the most common site for OS 

to spread is the lung. For patients with high grade or metastatic OS, months 

of chemotherapy will be firstly given flowed by surgery. The introduction of 

chemotherapy has significantly improved the five-year survival rate for 

localized OS to around 70%, but only 15-30% for metastatic OS. The five-

year survival rate for OS patients with metastasis has not been increased 

during the past three decades despite of improved understanding of the 

developmental mechanism. 
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1.2 Clinical challenges of osteosarcoma metastasis.  

To date, surgical resection of the tumor site along with chemotherapy is 

effective for patients with localized OS. However, there is a high tendency for 

OS to metastasize, 80% of which occurs in the lungs, followed by other bones, 

lymph node, brain or other soft tissues (Hage, Aboulafia et al. 2000, Wang, 

Qin et al. 2020). Approximately 20% of OS patients was detected with 

metastases at the first diagnosis, 40% of the rest patients will also develop 

distant metastases at an advanced stage. Although a variety of therapeutic 

strategies and multiple drugs have been approved for systematic tumor 

treatment before and after the treatment of the primary OS, metastasis is still 

the leading cause of OS related death (Lindsey, Markel et al. 2017).  

 

Generally, metastasis to a second site has been considered as the last and 

most critical step during the development of devastating tumors 

(PosthumaDeBoer, Witlox et al. 2011). To successfully accomplish 

metastasis, cancer cells need to finish the following procedures (Broadhead, 

Clark et al. 2011): (1) invade through the basement membrane to enter into 

circulatory system, (2) survive in the circulation, (3) invade through the 

vascular basement membrane, (4) secrete and extravasate to the metastatic 

target organ, (5) adhere to the metastatic target organ, (6) survive in the 

microenvironment, and (7) finally form microvascular for cancer cells to grow 

in the target organ. To achieve successful metastasis, each step should be 

completed by tumor cells. Evidences showed that pulmonary metastasis of 

OS exhibits distinct physiological behaviors compared to the primary tumor 

(Fan, Roberts et al. 2020). Metastasis is composed of cell lines different from 

the primary tumor, which differ in ploidy, zymogram, karyotype and chemical 

sensitivity (Morrow and Khanna 2015). Therefore, treatment options for 

primary tumors are unlikely to successfully treat metastatic disease. 

Furthermore, the effective drugs are very limited. The overall prognosis for 



4 
 

patients suffering with refractory or recurrent OS is still poor. The five-year 

survival rate remains very low. Therefore, novel effective treatments are 

urgently needed. 
 

1.3 Current treatments for osteosarcoma. 

Nowadays, traditional treatment options for newly confirmed OS patients are 

surgical management, neoadjuvant chemotherapy and radiotherapy. 

Resection is critical to the elimination of the disease by extensively removing 

the tumor tissue (Morris, Teot et al. 2016). Surgery could be divided into limb 

salvage and amputation. Limb salvage surgery technology provides a safe 

treatment method for 85-90% of osteosarcoma patients (Morris, Teot et al. 

2016). But when the tumor size is too large or has been extravasated to the 

blood vessel, the amputation is highly recommended. When the tumor tissue 

could not be completely removed by surgery, radiation is often used. However, 

radiotherapy has a controversial activity in osteosarcoma treatment 

considering its uncertain effectiveness and associated infection risk (Lindsey, 

Markel et al. 2017). In the 1970s, Jaffe et.al. showed methotrexate is an 

efficient drug for treating advanced metastatic disease, indicating the first 

success of chemotherapy (Jaffe 1972).  
 

Since 1970s, the introduction of chemotherapeutic drugs has significantly 

raised the chance of survival for patients with localized OS. The most 

commonly used chemotherapy drugs for OS are methotrexate (MTX), 

adriamycin (ADM), cisplatin (DDP), ifosfamide, cyclophosphamide (CTX), 

etoposide and gemcitabine (Zhang, Yang et al. 2018). The current standard 

of care for OS is neoadjuvant chemotherapy, surgery and adjuvant 

chemotherapy (Misaghi, Goldin et al. 2018). However, for decades, the 

prognosis of metastatic OS has remained unchanged despite trials of 

enhanced doses, different times, and different chemical drug combinations 

(Rasalkar, Chu et al. 2011, Iwata, Yonemoto et al. 2015). The most effective 
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option for metastatic patients is the combination of radical metastasis 

resection and chemotherapy. Unfortunately, it has been reported that the 

recurrence of lung metastases after initial radical metastasis resection is high, 

and repeated metastasectomy is often performed. Furthermore, chemo drugs 

are restricted due to their high toxicity on both normal healthy cells and tumor 

cells, leading to unavoidable side effects including hair loss, cardiomyopathy, 

and diarrhea. In general, the treatment response has a dose effect, while 

recent evidence showed that high-dose chemotherapy exhibited the same 

effect on the survival rate compared with the low-toxic medium-dose group 

(Dalgleish and Stern 2018). In addition, chemotherapy resistance is also a 

clinical challenge which has been a hot spot in recent years (Mansoori, 

Mohammadi et al. 2017). Remarkably, current chemotherapy is ineffective for 

low-grade OS like paraosseous sarcoma and periosteal sarcoma. Despite of 

increasing published papers and milestones have been made, the cure rate 

for OS metastatic patients is still unsatisfactory. Thus, it is of high significance 

to illustrate the underlying metastatic mechanism of OS and based which to 

identify new targets that might be used to develop novel therapeutic methods 

to treat metastatic osteosarcoma.  

 

In comparison with chemotherapy, targeted options including antibodies and 

small molecules targeting proteins playing critical roles in molecular signaling 

pathways have been extensively studied. Due to the large molecular weight, 

antibodies could mainly act through plasma membrane proteins. On the 

contrary, small molecules could interact with any target proteins in the cells 

not restricted to plasma membrane. Currently, many small molecules 

especially on gene targets have shown great potential in clinical translation 

for OS treatment (Bulut, Hong et al. 2012, Onimoe, Liu et al. 2012, Maugg, 

Rothenaigner et al. 2015). Different kinds of tumors possess various genetic 

characteristics. Genomic instability and a unique mutational signature 
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similar to BRCA deficiency have been found occurring in OS oncogenesis 

(Kovac, Blattmann et al. 2015, Engert, Kovac et al. 2017). BRCA1 and 

BRCA2 are crucial in the process of double strand DNA break repair by 

homologous recombination repair (HR). Generally, in patients carrying 

germline or somatic defects in homologous-repair genes like BRCA1/2, 

DNA repair is heavily dependent on other DNA repair related genes, such 

as Poly (ADP-ribose) polymerases (PARPs) (Hay, Jenkins et al. 2005, 

McCabe, Turner et al. 2006, Kovac, Blattmann et al. 2015). Therefore, in 

patients carrying defects in BRCA, a promising therapeutic strategy is to 

inhibit other DNA repair related targets to achieve synthetic lethality. 

 

1.4 PARP inhibitors as novel therapeutic strategy for OS. 

1.4.1 Poly (ADP-ribose) polymerases (PARPs). 

PARPs are a family of post-translational modification enzymes. This 

enzyme family contains at least 18 members which are broadly divided into 

2 categories according to their catalytic activity (Gupte, Liu et al. 2017): (1) 

PARP1, PARP2, PARP5 catalyze the formation of poly (ADP-ribose) branch 

chains up to 200 units, (2) the remaining PARPs only build one ADP-ribose 

unit. PARPs use oxidized nicotinamide adenine dinucleotide (NAD+) as a 

substrate to synthesize PAR. PAR is added to the target proteins to 

modulate their functions (Alemasova and Lavrik 2019). PARPs mainly 

localize in the nucleus and participate in various cell biological processes, 

such as nucleic acid metabolism, chromatin structure regulation, DNA 

synthesis and DNA repair (Schreiber, Dantzer et al. 2006). When DNA 

strands are broken, PARPs are recruited to the broken site and modify PAR 

on DNA repair related proteins or self-modify. The structure of PARPs 

contains a DNA binding domain at N-terminal, a self-modifying domain, a 

caspase-cleaved domain and a catalytic domain at C-terminal (Jagtap and 

Szabo 2005).  
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PARP1 is the first discovered and the best characterized protein in this 

super family, 90% of the PAR moieties are synthesized by PARP1 (Citarelli, 

Teotia et al. 2010). PARP2 has the closest relationship with PARP1, the 

similarity of its catalytic domain with PARP1 is 69%. PARP1 plays crucial 

roles in DNA repair. When stress induced DNA breaks occur, the second 

zinc finger at N-terminal binds to the nick of DNA, causing the activation of 

PARP1. Active PARP1 utilizes NAD+ as substrates to produce PAR, which 

is covalently added to itself, histones or DNA repair factors. Besides the 

covalent attachment, PAR could also be non-covalently added to specific 

ADP-ribose binding motifs in proteins including histones, XRCC1, p53, and 

DNA polymerase ε, regulating their biological roles (Fahrer, Kranaster et al. 

2007, Aberle, Krüger et al. 2020). Poly (ADP-ribose) glycohydrolase (PARG) 

and ADP-ribosylacceptor hydrolase (ARH) mediate the degradation of PAR. 

PARG could hydrolyze the glyosidic bonds between the ADP-ribose unit, 

which is mainly responsible for removing poly ADP-ribose. ARH family 

contains three members including ARH1, ARH2, and ARH3, which are 

mainly responsible for removing mono ADP-ribose. In addition to the DNA 

repair role, PARP1 is also related to gene expression regulation, and cell 

differentiation, which are summarized as flows.  

 

First of all, PARP1 regulates the process of DNA repair (Azarm and Smith 

2020). Endogenous cellular processes such as oxidation, alkylation, bases 

hydrolysis, bulky adduct formation, mismatch of bases, and exogenous 

agents like UV light, thermal disruption, industrial chemicals, ionizing 

radiation could induce DNA damage. Once detect DNA breaks, the second 

zinc finger at the DNA binding domain of PARP1 binds to the nick of 

damaged DNA, resulting in the active conformation of PARP1. As the first 

responder, PARP1 contributes to DNA repair by modifying PAR on itself and 

histones. The powerful negative charge of PAR on histones causes the 
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decompaction of chromatin, initially recruiting the DNA repair protein X-Ray 

Repair Cross Complementing 1 (XRCC1) to the broken site through 

electrostatic attraction. Due to electrostatic repulsion, PARylated histones 

and PARP1 are separated from the broken site, leading to the DNA repair 

mechanism entering into the broken site to repair DNA. Then PAR is 

degraded by PARG or ARH3. Notably, excessive activation of PARP leads 

to excessive consumption of NAD+, resulting in ATP deficiency, energy loss 

and subsequently leading to the death of the cell. Therefore, PARP-1 

activation is also considered to be a pathway for cell elimination by which 

severely damaged cells are eliminated from the tissue (Pacher and Szabó 

2005). Usually, PARP1 is mainly related to single-stranded DNA breaks 

repair. When cells defect in HR genes like BRCA1/2, DNA repair is heavily 

dependent on single-stranded DNA breaks. Therefore, cells only would die 

when the HR repair is not functioning well. During the activation of PARP1, 

NAD+ was consumed to produce PAR, during this process ATP was 

generated from dNTPs. Therefore, PAR have recently was considered to be 

an emergency energy source (Oei and Ziegler 2000). The observation that 

meiotic recombination 11 (MRE11) and Ataxia Telangiectasia Mutated (ATM) 

could be recruited to the double-strand DNA broken site by PARP1 indicates 

that PARP1 also functions in double-stranded DNA breaks.  
 

Secondly, PARP1 regulates gene expression through modulating RNA 

metabolism at post-transcriptional level (Schiewer and Knudsen 2014). 

RNA-binding proteins are critical in RNA processing. Emerging data showed 

that PARP1 could mediate the PARylation of RNA-binding proteins for 

regulating the gene expression of pro-inflammatory mediators, including 

inducible nitric oxide synthase (iNOS), intercellular adhesion molecule 1 

(ICAM-1) and major histocompatibility complex class II by regulating RNA 

biosynthesis (Ba and Garg 2011). NF-κB is a critical transcription factor 

regulating this group of proteins, and PARP1 acts as a co-activator in NF-
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κB-mediated transcription (Hassa and Hottiger 2006). However, the explicit 

mechanism of PARP1 regulated NF-κB-mediated transcription remains to 

be illustrated. In addition to the NF-κB associated pathway, the PARylation 

of histones could lose the structure of chromatin, which facilitates the 

transcription machinery entering into the promoters or enhancers of target 

genes (Ji and Tulin 2010). Besides, PAR is implicated in regulating the 

activity and integrity of telomerase (Beneke, Cohausz et al. 2008).  
 

Last but not least, the functions mentioned above are the main activities 

restricted to nuclear localized PARP1. In fact, most PARPs are also 

expressed in the cytoplasm. For the cytoplasmic PARP1, the most 

significant is its pivotal role in cytoskeletal machinery regulation (Vyas, 

Chesarone-Cataldo et al. 2013). A recent study reported that the 

phenotypical change occurred in PARP1 overexpressed flies (Ertsey, 

Chapin et al. 2004). The authors found that PARP1 overexpression or heat 

shock induced PARP1 expression could destroy the organization of the 

cytoskeleton F-actin, leading to abnormal cell and tissue morphology.  

 

1.4.2 Poly ADP-ribosylation (PARylation). 

Translation is a process that the sequence of nucleotides on the RNA is used 

as templates for synthesizing proteins to deliver genome information. 

Functional proteins always need to be covalent or enzymatic modified by 

post-translational modification (PTM) after translation. Therefore, PTM is 

implicated in regulating the function of proteins which involved in nearly all 

biological processes. There are kinds of PTMs, among which phosphorylation, 

acetylation, hydroxylation, methylation, ubiquitylation and glycosylation have 

been extensively studied. According to the kinds of additions, PTMs could be 

divided into the flowing four types: (1) chemical groups: phosphorylation, 

acetylation, hydroxylation, and methylation; (2) complex groups: 

glycosylation, acylation, and lipidation; (3) peptide-based addition: 
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ubiquitination; (4) protein-based cleavage: proteolysis; amino acid-based 

modification: deamidation. 
 

Poly ADP-ribosylation, also known as PARylation, is a unique protein 

glycosylation modification that attaching PAR to the receptor proteins (Gibson 

and Kraus 2012, Kanai 2016, Gupte, Liu et al. 2017). This modification is 

mainly mediated by PARP1 and PARP2, which use β-NAD+ derived ADP-

ribose units to catalyze the ADP-ribosylation reaction (Cohen and Chang 

2018). The chain length of PAR varies greatly in size from one to several 

hundreds, the PAR chains could be linear or branched (D'Amours, Desnoyers 

et al. 1999, Krukenberg, Kim et al. 2015). The poly ADP-ribose could be 

rapidly degraded by PARG and ARH, and mono ADP-ribosyl transferases 

(ART) 1-7 are the main pathways for cleaving mono ADP-ribose (O'Sullivan, 

Tedim Ferreira et al. 2019). The dynamic conversion of PAR in the cell is 

essential for cell proliferation, cell death, DNA replication, transcriptional 

regulation, chromatin modification and apoptosis (Cohen and Chang 2018).  
 

The progression of cancer is related to multifarious genetic and epigenetic 

changes. The ultimate consequence is the uncontrolled cell proliferation. 

Compared with the pathogenesis of other diseases, cell proliferation, gene 

stability, DNA repair and apoptosis are extremely significant causes for 

cancer progression. PAR regulates the above-mentioned biological activities 

by post translational modification on key participant proteins. The recent 

knockout of PARP1, PARP2 and PARG in cells or the development of 

transgenic mouse models have made significant progress in elucidating the 

significance of PAR in carcinogenesis. Therefore, PAR has been a novel 

target to develop therapeutic strategy for cancer (Masutani, Nakagama et al. 

2003). In addition, PARylation could also cause the epigenetic changes 

during carcinogenesis and regulate tumor phenotype (Masutani, Nakagama 

et al. 2003). PAR has been a novel therapeutic target in kinds of cancers. 
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1.4.3 PARP inhibitors. 

From the discovery of PAR 50 years ago, the functions of PARP family have 

been extensively studied. A research data showed that single stranded DNA 

breaks could still be repaired when PARP1 was deleted, but when the 

absence of NAD+, PARP1 was trapped on the broken site and this repair 

process was abrogated (Morales, Li et al. 2014). This evidence 

demonstrates that inhibit the enzymatic activity of PARP1 has higher 

therapeutic potential than regulating the expression of PARP1. PARP1 

contributes to over 90% of PAR synthesis and is considered as the major 

target for PARP inhibitors. Inhibition the enzymatic activity of PARP1 has 

been a novel target for developing drugs for various diseases. In the last 

decade, PARP inhibitors have attracted wide attention due to its great 

therapeutic potency in cancer treatment (Rouleau, Patel et al. 2010). 

Emerging evidence demonstrates that inhibition of PARPs by small 

molecule inhibitors could suppress tumor growth, particularly the tumor 

genotypes with BRCA mutations are extremely sensitive to PARP inhibitors 

(Bryant, Schultz et al. 2005, Gelmon, Tischkowitz et al. 2011). To date, 

veliparib, fluozaparib, olaparib, rucaparib, niraparib and talazoparib have 

been authorized to treat metastatic and recurrent ovarian and breast cancer 

patients with BRCA1/2 mutations by FDA (Zhou, Wang et al. 2020). The 

chemical structures are shown in Figure 1-1. PARP inhibitors function by 

mimicking the nicotinamide moiety of NAD+ to binding to the NAD+ binding 

pocket of PARPs at the catalytic domain, inhibiting the synthesis of PAR. 

Normally, when single-strand DNA break occurs, PARP1 will be recruited to 

the broken site, which activates PARP1 to synthesize PAR to modify itself 

and recruit DNA repair enzymes, then PARG and ARH3 hydrolyze the 

glyosidic bonds between PAR, and then PARP1 is released from the broken 

site to attach to another broken site. Then the DNA repair factors are allowed 

into the broken site to repair the DNA. Therefore, when treated with a PARP 
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inhibitor, PARP1 could not synthesize PAR and will be trapped on the broken 

site, the DNA repair enzymes could not repair the DNA, leading to more 

double-strand DNA breaks. Therefore, in BRCA mutant cells, the double-

strand DNA breaks could not be repaired, resulting in the cell death. 
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Figure 1-1. Chemical structures of six FDA approved PARP inhibitors.

Veliparib Fluzoparib Talazoparib 

Olaparib Rucaparib Niraparib 
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There are several mechanisms accounting for the efficacy of these drugs. 

Some inhibited the catalytic activity of PARPs by hindering NAD+ from 

binding to single strand DNA damage sites decreasing the formation of PAR 

chains. Others trap PARP1 and PARP2 onto the DNA through occupy the 

NAD+ binding site, leading to DNA repair factors could not enter the repair 

machinery Figure 1-2. Of course, the capacity of trapping PARPs is an 

important component for evaluating the effectiveness of various PARP 

inhibitors. Studies have shown that the higher the efficiency of the inhibitor 

to capture PARP, the higher its potency.
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Figure 1-2. Diagram showing the pathway of PARP in DNA repair and a suggested mechanism mediated by PARP inhibitors. 
When single strand DNA breaks, PARP will be recruited to the broken site and synthesize PAR to recruit DNA repair enzymes. Then 

PARG degrades PAR to release PARP from the broken site, therefore, the DNA repair enzyme could enter into the broken site to 

repair the DNA. However, when with a PARP inhibitor, PARP could not synthesize PAR and will be trapped on the broken site. Thus, 

the DNA repair could not be repaired. This figure has been adapted from Keung (Keung, Wu et al. 2019).
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Olaparib (AZD2281) is the first PARP1 inhibitor approved by FDA in 2014 

for treating metastatic and recurrent ovarian and breast cancer patients with 

BRCA1/2 mutations (Takebe, Quinn et al. 2019). Various pre-clinical 

research and clinical trials have shown that olaparib enhances therapeutic 

effectiveness. A series of clinical trials for treating other types of cancers 

with PARPi are on-going. Results of NCT01968213 (ARIEL3) prompted 

rucaparib (Rubraca, Clovis Oncology Inc.) to accelerate its approval for 

treating recurrent ovarian cancer, fallopian tube cancer and peritoneal 

cancer in patients with platinum-sensitive diseases. In 2017, niraparib is 

approved to treat patients with platinum-sensitive, recurrent ovarian cancer, 

fallopian tube cancer, and peritoneal cancer. In 2018, talazoparib was 

approved to treat BRCA-mutated, HER2-negative, advanced breast cancer 

patients. 

 

Accumulating clinical trials to extend the indications of these inhibitors to 

other types of cancer and strategies like combination therapy are actively 

underway (Hao, Liu et al. 2020). Some studies have suggested that there is 

a considerable response to PARPi in the phenotype without BRCA mutation 

(Curtin, Drew et al. 2019). To investigate whether PARP inhibitors could be 

used in sarcoma, olaparib was conducted to treat patients with refractory 

Ewing sarcoma after failed standard chemotherapy. Unfortunately, no 

distinct response or durable disease control was observed in the phase II 

study (Choy, Butrynski et al. 2014).  

 
1.5 The role of ezrin in osteosarcoma metastasis. 

The major cause of OS related death is distant metastasis. Although multiple 

effective therapeutic options have been developed for primary OS patients, 

the survival rate for metastatic OS patients is still disappointing. In 2004, a 

novel metastatic marker, ezrin, was identified to play crucial roles in the 

progression of OS lung metastasis. Since then, increasing evidence related 
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to the role of ezrin in metastasis had been illustrated.  

 

1.5.1 Ezrin is a member of ERM family. 

ERM is a membrane-cytoskeleton linker protein family including ezrin, radixin 

and moesin, which is critical in connecting plasma membrane and cortical 

actin to regulate cell motility (Sedzro, Bellah et al. 2018). ERM proteins 

contain three domains: N-head-FERM domain, alpha-helical domain, and C-

tail-ERM domain. Ezrin is highly expressed on the plasma membrane 

particularly in the actin-rich structures (Hunter 2004). Through regulating cell 

adhesion, migration and cell-cell interaction, ezrin is highly relative to tumor 

metastasis. Currently, the survival rate for primary cancer has been improved 

significantly. However, primary cancer will develop metastasis in the 

advanced stage and even some are metastatic when first diagnosed. Those 

patients after surgical resection are also very likely to be refractory. So far, 

metastasis remains as the primary cause of cancer related death in OS. 

Increasing research work have been published to illustrate the biological 

activity of ezrin in cancer metastasis.  

 

Usually, ezrin exists in a dormant inactive form, with its tail binding and 

blocking its head. The phosphorylation of ezrin at T567 is considered as a 

key to change ezrin conformation to activate ezrin. Phosphorylated ezrin (p-

Ezrin) binds to F-actin to regulate cell movement, polarity, adhesion, 

migration, signal transduction and cell growth, which are closely related to 

cancer metastasis. Furthermore, the protein level of ezrin is positively 

correlated with the grade of tumors. That is to say, the higher ezrin expression 

the higher grade of tumor, leading to a higher risk of metastatic recurrence 

(Kim, Song et al. 2007, Carneiro, Bendahl et al. 2011, Chen, Yan et al. 2012, 

Schlecht, Brandwein-Gensler et al. 2012). Even in non-metastatic 

osteosarcoma, based on the staining pattern of ezrin, there is a close 
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relationship between ezrin and disease-free survival. For patients with only 

cytoplasmic ezrin expression, 80% of which have a 3-year disease-free 

survival, while for patients with membranous and cytoplasmic ezrin, only 54% 

of which have a 3-year disease-free survival (Ferrari, Zanella et al. 2008). 

 

1.5.2 Ezrin is crucial in osteosarcoma metastasis. 

In 2004, ezrin was firstly reported necessary in OS metastasis (Khanna, Wan 

et al. 2004). Since Khanna and colleagues first discovered ezrin expression 

in metastatic pediatric sarcoma, increasing evidence elucidating ezrin related 

signaling pathways in cancer metastasis has been obtained (Fehon, 

McClatchey et al. 2010, Ren and Khanna 2014). Ezrin is significantly 

upregulated in highly metastatic osteosarcoma in comparison with low 

metastatic osteosarcoma (Ren and Khanna 2014). Ezrin could provide a 

survival advantage for metastatic cells to overcome a series of stresses 

experienced during the metastatic cascade to target a secondary site 

(Khanna, Wan et al. 2004). Studies also have shown that the expression of 

ezrin in normal human interstitial tissues is little or no expression, while the 

expression of ezrin in human stromal tumors (i.e. sarcoma) is the highest, 

which means that ezrin plays critical roles in stromal tumors (Bruce, Khanna 

et al. 2007). In adult soft tissue sarcoma, the intensity of ezrin staining is 

directly related to histological grade (Weng, Ahlen et al. 2005). In addition, 

more evidence shows that the level of ezrin in OS patients is closely 

associated with invasive growth, higher risk of recurrence, and poor survival 

(Carneiro, Bendahl et al. 2011). Ezrin has been considered as a maker for 

the detection of metastasis for newly diagnosed OS. Ezrin inhibitor 

NSC668394 could directly bind with ezrin and inhibit ezrin phosphorylation 

(Bulut, Hong et al. 2012). Recent evidence showed that this ezrin inhibitor 

could inhibit the growth of rhabdomyosarcoma xenograft (Proudfit, Bhunia et 

al. 2020).  
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Present Study 

As we have discussed above, developing novel effective therapeutic 

strategy for OS is of high significance. In this study, we aim to develop an 

effective therapeutic method for treating OS and get a deeper 

understanding of the underlying mechanism for osteosarcoma metastasis. 

PARP inhibitors have been extensively used in treating cancer patients with 

BRCA mutation. Genome instability and a mutational signature like BRCA 

deficiency have been found occurring in OS oncogenesis. Therefore, we 

evaluated the effect of PARPi in two most commonly used OS mouse 

models. We found that PARP inhibitor could significantly inhibit orthotopic 

tumor growth in two osteosarcoma mouse models, while a risk of lung 

metastasis was observed, indicating that PAR might be involved in OS 

metastasis. Through analyzing the underlying metastatic mechanism, we 

identified that PARP inhibitor induced metastasis was dependent on the 

activation of ezrin which plays pivotal roles in OS metastasis. Besides the 

traditional function of activated ezrin (p-Ezrin) in the cytosol, we newly 

identified its nuclear speckle localization and its function in mRNA export. 

The level of phosphorylated ezrin was inversely modulated by PARylation, 

and ezrin knockdown or phosphorylation inhibition could partially rescue 

PARPi induced metastasis. Hence, we evaluated the anti-tumor effect of a 

novel therapeutic option by combining PARP inhibitor with ezrin inhibitor in 

the same two OS mouse models. This combination strategy exhibits 

excellent activity in inhibiting lung metastasis. Collectively, we unveiled the 

pro-metastatic mechanism for PARPi in OS led by downregulated 

PARylation and upregulated ezrin phosphorylation. Based on all the 

mechanistic research, we provided novel insights for the future development 

of PARP inhibitors and ezrin inhibitors in treating OS. 
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CHAPTER 2. The effect of PARPi on tumor growth and lung 

metastasis in an orthotopic xenograft OS mouse model.  
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2.1 Purpose of chapter 2 

In order to evaluate the effect of olaparib on the growth of orthotopic tumors 

and the severity of pulmonary metastasis in an orthotopic 

immunocompromised OS mouse model. 

 

2.2 Design of experiments 

To evaluate whether PARP inhibitor could be used for treating an 

immunocompromised OS mouse model, we selected the first FDA approved 

PARP inhibitor olaparib and examined its effects on the primary tumor 

growth and pulmonary metastasis in an OS mouse model: immunodeficient 

NOD/SCID gamma mice challenged with a human OS cell line 143B. To 

trace metastasis, 143B cells was modified with mCherry and cultured in 

EMEM medium supplemented with FBS, PS, 5-bromo-2'-deoxyuridine and 

puromycin. To evaluate whether this modification would affect its 

tumorigenesis, random 15 mice were anesthetized flowed by inoculating 

with 1.0 x 106 143B cells and the other 15 mice were inoculated with 143B-

mCherry cells and allowed to grow for 7 weeks. Two weeks after inoculation, 

the tumor size was measured every week.  

 

In order to investigate the function of olaparib in tumor bearing mice, 143B-

mCherry cells were orthotopically implanted to the keen of 30 NOD/SCID 

gamma mice. Three weeks after inoculation, 15 mice with observed tumor 

were treated with vehicle and another 15 mice were treated with olaparib for 

five weeks, respectively. After the treatment, all mice were killed with carbon 

dioxide. The orthotopic tumor were isolated and the weight was measured 

and recorded. The visible lung metastatic nodules were counted. Circulating 

tumor cells (CTCs) in the blood are those primary cancer cells that invade 

into the vasculature. Hence, the number of CTCs represents the severity of 

metastasis. So, we digested the lung tissue into single cells and analyzed 

the percentage of 143B-mCherry cells through flow cytometry. The 



23 
 

fluorescence of mCherry in lung sections were also detected using confocal 

microscopy and photographed by IVIS® Lumina XR imaging system. 

 

2.3 Experimental methods 

2.3.1 Cell culture and reagents. 

143B (ATCC® CRL-8303™) was a human osteosarcoma cell line, which 

was cultured in minimum essential medium (Eagle) in Earle's BSS (EMEM, 

ATCC® 30-2003™) supplemented with 10% fetal bovine serum (FBS, 

Thermo Fisher Scientific), 0.015 mg/ mL 5-bromo-2'-deoxyuridine (Merck, 

Catalog number: B5002-100MG) and 100 U/mL Penicillin-Streptomycin (PS, 

Gibco, Catalog number: Gibco™ 15140122). The modified 143B cell line 

143B-mCherry was maintained with the complete medium for 143B cells 

supplemented with 3 μg/mL puromycin dihydrochloride (Thermo Fisher 

Scientific, Catalog number: A1113803). All cells were cultured under normal 

culture conditions with 95% humidity and 5% CO2 at 37 °C. All the cells 

used for experiments were tested negative for bacteria, yeast, fungi and 

mycoplasma. Olaparib (Catalog No. S1060) was purchased from Selleck 

Chemicals (Houston, TX, USA) and dissolved in dimethyl sulfoxide (DMSO) 

according to the user manual. 

 

2.3.2 Treatment of mice 

To evaluate the anti-tumor and anti-metastasis effects of the PARP inhibitor 

olaparib, one orthotopic OS mouse model was established according to 

previous reports (Liang, Li et al. 2017). Briefly, NOD/SCID gamma mice 

were anesthetized. The knee of the left hind limb was flexed beyond 90° 

and a 25-gauge needle was used to rotate and penetrate the proximal tibial 

crest cortex. 20 μL of 143B-mCherry cells suspension with around 1.0 x106 

cells were injected into each mouse. The mice were monitored for the 

appearance of tumor growth. Three weeks after inoculation, the mice with 
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observed tumor on the right hind limb were selected for PARP inhibitor 

evaluation studies. Then the tumor bearing mice received daily intragastric 

administration of either 100 mg/kg olaparib or vehicle. After treatment for 

five weeks, the mice were sacrificed, and the tumors were isolated for 

weight measurement. 

 

2.3.3 Primary cell cultures. 

To isolate 143B cells from orthotopic tumor tissue and lung tissue in 

NOD/SCID mice treated with vehicle or olaparib, the mice were firstly 

sacrificed, and the tumor tissues and lung tissues were harvested under 

sterile condition. After extensively washing with PBS, orthotopic tumor 

tissue and lung tissue were minced into small pieces and digested with 

EMEM supplemented with 2 mg/mL dispase, 0.2 mg/mL collagenase IV and 

0.002 mg/mL DNase I in a 37 °C water bath with stirring for 0.5 h (Miersch, 

Stange et al. 2018, Cianciaruso, Beltraminelli et al. 2019). Then we filtered 

the isolated cells with a cell strainer (70 μm) to exclude the tissue fragments 

and maintained with complete EMEM supplemented with 3 μg/mL 

puromycin dihydrochloride.  

 

2.3.4 X-Ray analysis 

To determine mCherry modification of 143B cells did not affect its 

tumorigenesis ability, 30 NOD/SCID mice were used to establish orthotopic 

mouse models with 15 mice for each group. From day 14 after xenograft, 

the mice were anesthetized and digital radiography of the tumor bearing 

mice were made using a Faxitron MX-20 X-Ray equipment each week. The 

width and length were measured. The tumor size was calculated according 

to the formula: volume = (width)2 x length/2 (Sabile, Arlt et al. 2012, Liang, 

Li et al. 2017).  
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To evaluate whether olaparib was effective for OS tumor bearing mice, 

143B-mCherry cells were orthotopic inoculated into NOD/SCID mice and 

allowed to grow for another three weeks. Then the tumor bearing mice were 

dividedly into two groups for intragastric administration with vehicle or 

olaparib for five weeks, respectively. After treatment, the mice were 

anesthetized and digital radiography of the tumor bearing mice were made 

using a Faxitron MX-20 X-Ray equipment. The tumor size was calculated 

according to the formula: volume = (width)2 x length/2. 

 

2.3.5 Biophotonic imaging analysis 

To evaluate the anti-tumor ability of olaparib in NOD/SCID tumor bearing 

mouse model, 143B-mCherry cells were orthotopic inoculated into 

NOD/SCID mice and allowed for grow for another three weeks. Then equal 

number of mice were intragastric administrated with vehicle or olaparib for 

five weeks, respectively. Animals were sacrificed after treatment, and tumor 

tissues and lung tissues were isolated. Due to 143B cells was modified with 

mCherry modification, therefore, the tumor tissues and lung tissues could 

be detected the signal of mCherry using an IVIS® Lumina XR imaging 

system according to our previous published work (Liang, Li et al. 2017). The 

same constant illumination settings were used to acquire all images. All the 

animal procedures were approved by the Animal Experimentation Ethics 

Committee of the Hong Kong Baptist University (Ref. No.: (18-76) in 

DH/SHS/8/2/6 Pt.2). 

 

2.3.6 Immunofluorescence staining of lung sections 

In order to demonstrate the pro-metastatic function of olaparib in NOD/SCID 

gamma mice, the lung tissues from treated mice were isolated for preparing 

cryo-sections. In brief, lung tissues were fixed using 4% paraformaldehyde 

at least for 48 h on a rocking shaker, followed by equilibration in gradient 

concentrations of sucrose solution (15%, 20%, 30%) for 24 h, respectively. 
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After equilibration, the tissues were embedded using optimal cutting 

temperature (O.C.T) compound (Sakura Finetek USA, Catalog Number: 

4583) and liquid nitrogen. These tissue blocks could be stored at -80 °C. 

Then 5 μm sections were prepared and the nuclei were counterstained 

using 1 mg/mL Hoechst 33342. The fluorescence intensity of mCherry was 

examined under a Leica confocal microscope.  

 

2.3.7 Quantification of circulating cancer cells in blood via flow 

cytometry sorting 

In order to quantify the percentage of the circulating cancer cells in the blood 

obtained from NOD/SCID mice treated with vehicle or olaparib, fresh whole 

blood was taken from hearts of deeply anaesthetized mice by cardiac 

puncture. In brief, to minimize hair flying around, 70% ethanol solution was 

used to wet down and disinfect the fur. 21-gauge needles, 1 mL syringes 

and blood collection microtubes were recoated with fresh 0.5 % w/v heparin 

for anticoagulation. 250 μL whole blood sample in each group was used and 

red blood cells were lysed by RBC Lysis Buffer (Biolegend, Catalog number: 

420301) according to the user manual. mCherry positive cancer cells in 

each group were sorted via a FACS Aria Ⅲ apparatus (BD Biosciences) 

and the percentage of CTCs in the whole blood was calculated (Allan, 

Vantyghem et al. 2005, Bankó, Lee et al. 2019). 

 

2.3.8 Pulmonary metastasis analysis 

To analyze the lung metastasis in NOD/SCID gamma mice after treatment, 

the visible nodules in the lung were counted. To further exhibit the micro-

metastatic cells in the lung, the lung tissues were used for preparing 5-μm-

thick sections and counterstained with 1mg/mL Hoechst 33342. The 

fluorescence intensity of mCherry and Hoechst 33342 was detected by 

confocal imaging. The visible nodules on lung tissues were also counted. 
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2.4 Results 

2.4.1 mCherry modification did not affect the tumorigenesis of 143B 

in NOD/SCID gamma mice. 

143B cells and 143B-mCherry cells showed the same tumorigenic capability 

in NOD/SCID gamma mice (Figure 2-1). To trace metastasis, the 143B cells 

were modified to express a fluorescent mCherry (143B-mCh) protein, and it 

was verified that this modification did not affect the tumorigenesis of 143B 

cells. Therefore, 143B-mCherry cells could be used to establish orthotopic 

OS mouse models for evaluating the effect of PARP inhibitor in OS. 
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Figure 2-1. mCherry modification on 143B cells did not affect its tumorigenesis. NOD/SCID mice were orthotopic 

inoculated with 143B or 143B-mCherry cells, respectively. Volume of OS tissues from 143B or 143B-mCherry inoculated 

NOD/SCID mice, calculated by the formula: volume = (width)2 x length/2, with subtraction of normal tissue volume of the 

contraleteral non-tumor hindlimb. n = 15 per group. The tumor size in the two group was comparable. 
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2.4.2 Olaparib inhibited orthotopic tumor growth in an 

immunocompromised OS mouse model (NOD/SCID with 143B). 

The above data showed that mCherry modification on 143B cells possess 

the same tumorigenesis ability as 143B cells, therefore, we established 

mouse models with 143B-mCherry cells. The drug scheduling in tumor 

bearing mice was illuminated (Fig. 2-2a). Based on the above data, 6-week 

old mice were used to establish orthotopic OS mouse models. Firstly, the 

mice were anesthetized and flowed by implantation with 1.0 x 106 143B-

mCherry cells in 20 μl PBS, respectively. The mice were allowed to grow for 

another 3 weeks until obviously tumors observed. Then the tumor bearing 

mice received either 100 mg/kg olaparib or vehicle by daily intragastric 

administration for 5 weeks (Fig. 2-2a). After treatment, the tumor volume 

was measured by X-Ray and the isolated tumors were imaged with IVIS® 

Lumina XR in vivo imaging system (Fig. 2-2b). The tumor weight was also 

determined. Treatment with olaparib could effectively inhibit the growth of 

primary tumors in mice challenged with 143B-mCherry cells (Fig. 2-2b, c).
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Figure 2-2. Olaparib inhibited orthotopic tumor growth in an immunocompromised OS mouse model. (a) Drug 

scheduling in tumor bearing mice. (b) Representative X-Ray images and fluorescence pictures for orthotopic tumors of 

NOD/SCID mice treated with olaparib or DMSO. (c) Weight of orthotopic 143B-mCherry tumors in NOD/SCID mice treated 

with olaparib or DMSO (**p < 0.01, n = 15 mice per group). Each dot stands for one mouse. 
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2.4.3 Olaparib aggravated pulmonary metastasis in an 

immunocompromised OS mouse model (NOD/SCID with 143B).  

Metastasis accounts for most proportion of death in OS, so we also detected 

the effect of olaparib on lung metastasis. The results showed that the visible 

metastatic nodules in lung were much more in the group with olaparib 

treatment than that treated with vehicle (Fig. 2-3a). Two representative images 

of lung tissues treated with olaparib or vehicle photographed by IVIS® Lumina 

XR imaging system showed that olaparib treated mice showed more serious 

lung metastasis than that in vehicle group (Fig. 2-3b). The lung tissues were 

also used for preparing cryo-sections. The fluorescence intensity of 143B-

mCherry in the lung sections isolated from the mice treated with olaparib was 

much higher than the vehicle group (Fig. 2-3c). Consistently, the percentage 

of 143B-mCherry positive cells in the lung tissues dissected from the mice 

treated with olaparib was more than that in the vehicle group (Fig. 2-3d). And 

the number of circulating tumor cancers in the blood from the olaparib treated 

mice was significantly increased in comparison with that from vehicle treated 

mice (Fig. 2-3e). 
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Figure 2-3. Olaparib aggravated pulmonary metastasis in an immunocompromised OS mouse model. (a) Number 

of metastatic nodules per lung section in NOD/SCID mice (n = 15 mice per group). (b) Representative fluorescence images 

of lung metastasis of NOD/SCID mice after treatment. (c) Representative fluorescence images of sections of lung with or 

without olaparib treatment. Scale bars, 100 μm. (d) Percentage of mCherry+ cells in lung tissue was analyzed by flow 

cytometry (n = 15 mice per group). (e) CTCs in blood of SCID mice with or without olaparib treatment analyzed by flow 

cytometry (n = 15 mice per group). 

 



34 
 

2.5 Conclusion  

Taken together, olaparib could significantly inhibit orthotopic tumor growth, but 

aggravated pulmonary tumor deposits in the NOD/SCID gamma mice 

challenged with human OS cells. 
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CHAPTER 3. The effect of PARPi on tumor growth and lung 

metastasis in an orthotopic allograft OS mouse model.
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3.1 Purpose of chapter 3 

To determine the function of olaparib on the growth of orthotopic tumors and 

the severity of lung metastasis in an orthotopic immunocompetent OS mouse 

model. 
 

3.2 Design of experiments  

To evaluate whether PARP inhibitor could be used for treating OS in an 

immunocompetent mouse model, we selected the first FDA approved PARP 

inhibitor drug olaparib and examined its effects on the primary tumor growth 

and pulmonary metastasis in immunocompetent BALB/c mice challenged 

with a mouse OS cell line K7M2. Firstly, BALB/c mice were anesthetized 

flowed by implantation with 1.0 x 106 K7M2 cells in 20 μL PBS, respectively. 

Three weeks after inoculation, the tumor was obviously visible. Random 15 

mice with observed tumor were treated with vehicle and another 15 mice 

were treated with 100 mg/ml olaparib for five weeks. After treatment, the 

mice were killed with carbon dioxide. The orthotopic tumor tissues were 

isolated and the tumor weight was measured. The number of lung 

metastatic nodules were counted.  
 

3.3 Experimental methods 

3.3.1 Cell culture and reagents. 

K7M2 (ATCC® CRL-2836™) was a mouse osteosarcoma cell line and 

maintained in ATCC-formulated Dulbecco's Modified Eagle's Medium 

(DMEM, Catalog No. 30-2002) supplemented with 10% FBS and 100 U/mL 

PS. All cells were cultured under normal culture conditions with 95% 

humidity and 5% CO2 at 37 °C. All the cells used for experiments were 

tested negative for bacteria, yeast, fungi and mycoplasma. Olaparib was 

purchased from Selleck Chemicals (Houston, TX, USA) and dissolved in 

DMSO. 
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3.3.2 Treatment of mice 

To evaluate the anti-tumor and anti-metastatic effects of the PARP inhibitor 

olaparib, one orthotopic OS mouse model was established according to 

previous reports (Liang, Li et al. 2017). Briefly, BALB/c mice were 

anesthetized. The knee of the right hind limb was flexed beyond 90° and a 

25-gauge needle was used to rotate and penetrate the proximal tibial crest 

cortex. 20 μL of K7M2 cells suspension with around 1.0 x106 cells were 

injected into each mouse. The mice were monitored for the appearance of 

tumor growth. Three weeks after inoculation, the mice with observed tumor 

on the right hind limb were selected for PARP inhibitor evaluation studies. 

After treatment for five weeks, the mice were sacrificed, and the tumors 

were isolated for weight measurement. The visible nodules in the lung 

tissues were counted. 
 

3.3.3 X-Ray analysis 

To evaluate whether olaparib was effective for OS tumor bearing mice, 

K7M2 cells were orthotopic inoculated into BALB/c mice and allowed to 

grow for another three weeks. Then the tumor bearing mice were dividedly 

into two groups for intragastric administration with vehicle or olaparib for five 

weeks, respectively. After treatment, the mice were anesthetized and digital 

radiography of the tumor bearing mice were made using a Faxitron MX-20 

X-ray equipment each week. The tumor size was calculated according to 

the formula: volume = (width)2 x length/2. 

 

3.4 Results  

3.4.1 Olaparib inhibited orthotopic tumor growth in an 

immunocompetent OS mouse model (BALB/c with K7M2).  

The drug scheduling in tumor bearing mice was illuminated in Fig. 3-1a. 

K7M2 cells were orthotopic implanted into BALB/c mice aged 6-week old 

and allowed to grow for about 3 weeks until obvious tumor tissues observed. 
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Then the tumor bearing mice received daily intragastric administration of 

either 100 mg/kg olaparib or vehicle for 5 weeks (Fig. 3-1a). After treatment, 

the mice in the two groups were analyzed using X-Ray to record the tumor 

volume. We observed that the volume of the primary tumor in olaparib 

treated mice was smaller than that in the vehicle group (Fig. 3-1b). After 

sacrificed the mice, the tumors were isolated, and the weight was measured. 

The statistical result showed that treatment with olaparib had good inhibition 

on the orthotopic tumor growth in an immunocompetent tumor bearing 

mouse model (Fig. 3-1c).
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Figure 3-1. Olaparib inhibited orthotopic tumor growth in an immunocompetent OS mouse model. (a) Drug 

scheduling in tumor bearing mice. (b) Representative images showing orthotopic tumors in K7M2 tumor bearing BALB/c 

mice. (c) Weight of orthotopic tumors in K7M2 tumor bearing BALB/c mice treated with olaparib or vehicle (n = 15 mice per 

group). Each dot represented one mouse. 
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3.4.2 Olaparib promoted pulmonary metastasis in an 

immunocompetent OS mouse model (BALB/c with K7M2).  

In the above data, we knew that olaparib inhibited orthotopic OS progression 

but aggravated lung metastasis in an immunocompetent OS mouse model, 

therefore, we also detected the effect of olaparib in lung metastasis in mouse 

model. Due to K7M2 cells do not have fluorescence, some experiments 

performed in the NOD/SCID gamma mice could not be repeated. Therefore, 

we only counted the visible nodules in the lungs and captured pictures. There 

were obvious metastatic nodules in the lungs of the olaparib treated group, 

some of the lungs were festered (Fig. 3-2a). The statistical results showed that 

olaparib dramatically increased incidence of spontaneous metastases in the 

lungs (Fig. 3-2b). 
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Figure 3-2. Olaparib aggravated pulmonary metastasis in an immunocompetent OS mouse model. (a) 

Representative images showing lung tissues in BALB/c mice treated with vehicle or olaparib. (b) Number of metastatic 

nodules per lung section in BALB/c mice treated with vehicle or olaparib (mean ± s.e.m.). 
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3.5 Conclusion 

Taken together, in the two OS mouse models, all the data confirmed that 

olaparib treatment had significant inhibition ability on the primary tumor 

growth. However, lung metastasis in OS mouse models were both 

augmented. In addition, a phase 2 clinical trial to investigate the efficacy of 

olaparib in Ewing’s sarcoma failed. Therefore, it is significant to explore the 

underlying pro-metastatic mechanism of PARPi. 
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CHAPTER 4. PARP inhibition promoted cell migration and invasion in 

vitro.
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4.1 Purpose of chapter 4 

To verify the results that we have obtained from the tumor bearing mice 

treated with olaparib, we aim to assess the function of olaparib on the 

abilities of proliferation, migration, invasion and adhesion in OS cells. 

 

4.2 Design of experiments 

The in vivo results showed that treatment of olaparib could inhibit the 

orthotopic tumor growth but aggravate pulmonary metastasis. In order to 

further study the underlying mechanism and verify this property, we 

conducted a series of experiments including a wound healing assay to verify 

the pro-migratory function of olaparib in 143B, K7M2, and another two 

frequently used OS cell lines U2OS and MG-63, a transwell assay to 

determine the invasive ability after olaparib treatment, and a colony 

formation assay to verify the anti-proliferative ability of olaparib on OS cells. 

In addition, as we only used olaparib in the in vivo assay, in order to 

investigate whether it is the specific characteristic or the common property 

of PARP inhibitors, we also detected the activity of another two PARP 

inhibitors on cell migratory and invasive abilities of 143B and K7M2. Due to 

metastasis was closely associated with the ability of adhesion, a cell 

adhesion assay was also conducted to determine the adhesive ability of OS 

cells after olaparib treatment. 
 

4.3 Experimental methods 

4.3.1 Cell culture and reagents. 

U2OS (ATCC® HTB-85™) and MG-63 (ATCC® CRL-1427™) were 

maintained in ATCC-formulated DMEM (Catalog No. 30-2002) 

supplemented with 10% FBS and 100 U/mL PS. All cells were cultured 

under normal culture conditions with 95% humidity and 5% CO2 at 37 °C. 

All the cells used for experiments were tested negative for bacteria, yeast, 
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fungi and mycoplasma. Olaparib was purchased from Selleck Chemicals 

(Houston, TX, USA) and dissolved in DMSO. 

 

4.3.2 Cell viability assay 

In order to determine the IC50 for olaparib in OS cells, Cell Counting Kit-8 

(MedChemExpress, Catalog number: HY-K0301) was conducted according 

to the user guide (Yamaguchi, Du et al. 2018, Zhao, Zhang et al. 2019). 

Briefly, OS cells were seeded and maintained in 96-well plates with 3.0 × 

103 cells and 200 μL medium each well 24 h in advance. On day 2, gradient 

concentration of indicated drugs or vehicle was added to each well to 

incubate for 24 h, 48 h or 72 h, respectively. After treatment, changed the 

medium with new complete medium supplemented with 10% CCK-8 

solution, 100 μL for each well. After incubation for 3 h at cell incubator, the 

results were expressed based on the OD value at 450 nm measured using 

an enzyme immunoassay analyzer. The medium without cells was used a 

blank control. Three replicates of each concentration were performed to get 

the best accurate result.  
 

4.3.3 Colony formation assay 

In order to evaluate the effect of olaparib on the proliferative ability in OS 

cells, we conducted colony formation assay according to a previously 

described method (Cheng, Li et al. 2017, Vescarelli, Gerini et al. 2020). 

Briefly, single cell suspensions of 143B or K7M2 cells were seeded and 

maintained in 6-well plates (1,000 cells each well) in according complete 

medium for overnight. And then changed the medium with conditioned 

complete medium extra supplemented with DMSO or olaparib. Then 

changed the conditioned medium every two days. After treatment for 10 

days at cell incubator, washed the cells with cold PBS for 3 times and fixed 

the surviving proliferating clones with 4% paraformaldehyde for 15 min in 

dark flowed by staining with 0.5% crystal violet staining solution (Beyotime 
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Biotechnology) for 0.5 h. Then removed the crystal violet carefully and 

rinsed the cells with tap water. The number of clones were photographed. 
 

4.3.4 Wound healing assay 

To investigate whether PARP inhibitors exhibited pro-migratory ability in 

vitro, wound healing assay was conducted with minor modifications (Du, 

Song et al. 2020). 143B, K7M2, MG-63 and U2OS cells were cultured in 6 

cm dishes followed by DMSO or PARP inhibitors treatment. Then the cells 

were detached with Accutase to prepare single cell suspensions. Then 

transferred the treated cells into 6-well plates for overnight until a confluent 

monolayer of cells formed. Uniform wounds were carefully made by 

scraping the cell plates in a "#" glyph using a 10 μL pipette tip. PBS was 

used to wash off the floating cells, complete culture medium supplemented 

with DMSO or PARP inhibitors were added to the plates. The images 

captured at 10X magnification by an inverted microscope at this time was 

defined 0 h as the baseline. Then incubated the cells at incubator for another 

10 h and flowed by photograph. The scratch area at 0 h was set to 100%. 

The migration rate was analyzed using ImageJ software (Grada, Otero-

Vinas et al. 2017). 
 

4.3.5 Invasion assay 

To investigate whether PARP inhibiters exhibited pro-metastatic ability in 

vitro, 143B, K7M2, MG-63 and U2OS cells were seeded 24 h in advance 

flowed by treating with DMSO or olaparib, respectively. Then the cells were 

detached with Accutase to prepare single cell suspensions. After washing 

two times with serum free medium, counted the cells and prepared single 

cell suspensions containing 5.0 × 105 cells/mL in medium without serum but 

supplemented with DMSO or PARP inhibitors. The invasive ability of treated 

cells was performed by 24-Multiwell Insert System (8.0 μm PET membrane, 

Corning, Product Number: 354480). 800 µL full medium was firstly added 
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into the wells and then put in the inserts. 200 µL of cell suspensions were 

transferred into the upper chambers and incubated for 10 h at cell incubator. 

Ten hours later, removed the inserts into new 24-well plates and washed the 

cells with PBS for three times and then fixed the cells. After three washes 

with ddH2O, fixed the cells with 4% paraformaldehyde for 15 min in dark 

flowed by staining using 0.5% crystal violet staining solution for 0.5 h. After 

three washes with ddH2O, the uninvaded cells were gently scraped with 

cotton swabs. The invaded cells on the lower side of the filter membrane 

were observed at 40X magnification and imaged using a brightfield 

microscopy. The number of invaded cells in six randomly fields were 

counted for statistics. 
 

4.3.6 Adhesion assay 

To investigate whether olaparib exhibits an effect on the adhesion ability of 

OS cells, 143B cells and K7M2 cells were seeded 24 h in advance flowed 

by treating with DMSO or olaparib, respectively. The adhesion ability was 

assessed using the CytoSelect™ Cell Adhesion Assay Kit according to the 

user manual (Wang and Hao 2007). In brief, 3.0× 105 143B or K7M2 cells 

treated by PAPR inhibitors were seeded in the well with 150 μL serum free 

medium and incubated for 1 h at cell incubator. Then gently discarded the 

medium and washed PBS for 5 times with 250 µL for each time. Added 200 

μL of Cell Stain Solution supplied by the kit to each well and incubated for 

0.5 h. Then gently discarded the medium and washed 5 times with 250 µL 

ddH2O for each time. When the wells were dry, the images could be 

captured. Then added 200 μL of Extraction Solution to each well to incubate 

for 0.5 h on a rocking shaker. Aspirated 150 µL of the mixture solution to a 

new 96-well plate. The absorbance at 560 nm was measured by an enzyme 

immunoassay analyzer. The adhesion ability was quantified by comparison 

with the control BSA group. 
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4.4 Results 

4.4.1 Olaparib hindered the proliferation of OS cells in vitro. 

To investigate the activity of olaparib in vitro, we first determined the IC 50 

of olaparib in 143B cells and K7M2 cells with CCK-8 assay (Fig. 4-1a). Thus, 

we selected 10 μM for 143B cells and 12 μM for K7M2 cells and treated for 

48 h for all the in vitro experiments. After treatment for 10 days with olaparib, 

we observed that the colony formation ability of cells treated with olaparib 

was dramatically hindered in 143B cells and K7M2 cells (Fig. 4-1b). The 

colony formation assay revealed that olaparib exhibited excellent inhibitory 

effect on the proliferation of both OS cell lines in vitro. 
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Figure 4-1. Olaparib hindered the proliferation of OS cells in vitro. (a) The IC50 values for olaparib in 143B cell (10 

μM) and K7M2 cells (12 μM). (b) Colony formation assay of the OS cell lines treated with DMSO or olaparib was conducted 

to evaluate the proliferative ability. The number of colonies decreased significantly after treated with olaparib in 143B cells 

and K7M2 cells compared to the control group. Representative images were presented. 
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4.4.2 Olaparib enhanced the migratory property of OS cells in vitro. 

In cultured wound-healing assays, we found that olaparib treated 143B and 

K7M2 cells migrated faster than vehicle treated cells (Figure 4-2a). In order 

to sufficiently prove the pro-migratory ability of olaparib, we also performed 

the wound healing assay in U2OS and MG-63 cells. Unsurprisingly, olaparib 

treatment could also promote the migration of U2OS and MG-63 cells in 

comparison with the vehicle treated group (Figure 4-2b). These data 

showed that olaparib treatment could dramatically accelerate cell migration 

in vitro.
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Figure 4-2. olaparib enhanced the migratory property of OS cells in vitro. (a) Migratory properties of 143B and K7M2 

cells treated with DMSO or olaparib were tested using wound healing assays. Scale bars, 300 μm. (b) Migratory properties 

of U2OS and MG-63 cells treated with DMSO or olaparib were tested using wound healing assays. Results showed that 

olaparib treated OS cells migrated faster compared to the control group. 
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4.4.3 Olaparib enhanced the invasive property of OS cells in vitro. 

To investigate the invasive ability in olaparib treated cells, we performed 

transwell invasion assay with 8.0 μm pore inserts coated with Matrigel. We 

observed that more olaparib treated cells could invade from the membrane 

compared with that treated with vehicle in 143B and K7M2 cells (Figure 4-

3a). Similar results were found in U2OS and MG-63 cells (Figure 4-3b). 

These results indicated that olaparib treatment could dramatically promote 

cell invasion in vitro.
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Figure 4-3. olaparib enhanced the invasive property of OS cells in vitro. (a) Invasive behaviors in collagen-type-IV 

gels of 143B and K7M2 cells with DMSO or olaparib (10 μM) were observed in chamber invasion assay. Results showed 

that PARP inhibitors treated cells migrated faster compared to the control group. Scale bars, 100 μm. (b) Invasive behaviors 

in collagen-type-IV gels of U2OS and MG-63 cells with DMSO or olaparib (10 μM) were observed in chamber invasion 

assay. The relative invaded cells compared to control was counted by statistical. Results showed that a higher number of 

olaparib treated OS cells could invade through the membrane compared to the control group. 
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4.4.4 Olaparib enhanced the adhesive property of OS cells in vitro. 

Cancer metastasis is well known associated with the adhesion ability which 

is fundamental in a series of oncology associated biological activities 

including EMT. Therefore, we detected the ability of adhesion of OS cells 

treated with olaparib using a plate coated with kinds of extracellular matrix. 

Expectedly, after treatment with olaparib, the events of OS cells on different 

extracellular matrix coated surface, including collagen I and fibronectin were 

considerably increased in comparison with BSA coated wells (Fig. 4-4). 
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Figure 4-4. Olaparib enhanced the adhesive property of OS cells in vitro. Images of the adhesion ability of 143B cells 

and K7M2 cells treated with DMSO or olaparib (10 μM) on fibronectin or collagen-type-I coated plates and statistics.
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4.4.5 Other PARP inhibitors could also enhance the migrative and 

invasive properties of OS cells. 

In order to illustrate whether other PARP inhibitors show the same pro-

metastatic function as olaparib, another two widely used PARP inhibitors 

talazoparib and NMS-P118 were also used to treat 143B cells and K7M2 

cells. And then detected the migratory ability and invasive ability using the 

same protocols described above. The data showed that all tested PARP 

inhibitors could promote the migration (Figure 4-5a) and invasion (Figure 

4-5b) of 143B and K7M2 cells.
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Figure 4-5. PARP inhibitors enhanced the migratory and invasive properties of OS cells in vitro. (a) We used wound 

healing assay to detect the migrative property for OS cells treated with DMSO, PARP inhibitors, respectively. Results 

showed that PARP inhibitors treated cells migrated faster compared to the control group. (b) Analysis of transwell invasion 

assay for OS cells treated with DMSO, PARP inhibitors, respectively. Data showed that a higher number of PARP inhibitors 

treated cells could invade through the membrane compared to the control group. 
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4.5 Conclusion 
All the results obtained in this chapter indicates that all tested PARP inhibitors 

could inhibit the proliferative ability of OS cells but promote cells migration, 

invasion and adhesion in vitro which are consistent with the in vivo result. 

Therefore, the next aim was to illustrate the underlying mechanism of PARPi. 

Due to olaparib mainly inhibit the production of PAR, so we firstly isolated 

143B cells from the lung tissues and primary tumor tissues and determined 

the expression of PAR and PAR synthesizers.  
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CHAPTER 5. PARPi induced metastasis was dependent on PARP1 

associated downregulation of PAR
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5.1 Purpose of chapter 5 

To illustrate the underlying mechanism accounting for PARPi induced OS 

metastasis. 

 

5.2 Design of experiments 

The function of olaparib is to inhibit PARP1 and PARP 2 to synthesize PAR. 

Hence, to further illustrate the underlying OS metastatic mechanism, we 

analyzed the expression level of PAR, PARP1 and PARP2 in 143B-mCherry 

cells isolated from the orthotopic tumors and lung tissues by western blotting 

using according antibodies, ELISA and IHC. We found that the level of 

PARP2 remained comparable. Whereas, the expression of PAR and PARP1 

were both down regulated in lung tissue compared to the primary tumor 

tissue, indicating that PAR and PARP1 might be closely related with lung 

metastasis. PARP1 could synthesize PAR and regulate the level of PAR. In 

order to illustrate the underlying mechanism for lung metastasis, we 

knocked down PARP1 and PARP2 in OS cells and detected their migratory 

and invasive ability using according assays. 

 

5.3 Experimental methods 

5.3.1 Western Blot analysis 

In order to analyze the protein level of PAR, PARP1 and PARP2 in143B-

mCherry cells isolated from tumor-bearing NOD/SCID mice treated with 

vehicle or olaparib, the cells from orthotopic tumor tissue and lung tissue in 

vehicle or olaparib treated mice were firstly isolated, secondly seeded in six-

well plates and finally cultured for overnight. After four washes with ice-clod 

PBS, the adherent cells were digested by Accutase (Thermo Fisher 

Scientific, Catalog number: A1110501) at cell incubator for 3 min. After 

washing to remove the detachment solution, ice-cold RIPA lysis buffer 

supplemented with 1X Protease and Phosphatase Inhibitor Cocktail 
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(Thermo Fisher Scientific, Product Code.10127963) was incubated with the 

cell pellet for 15 min on ice on a shaker. Centrifugated the sample at 14,000 

g for 15 min at 4 °C and transferred the supernatant to a fresh 

microcentrifuge tube and the cell pellet was discarded. The protein 

concentrations were determined by Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific, Catalog number: 23225), referred to the 

manufacture’s guidelines. Then 30 μg protein in each group were prepared 

using 5 X SDS PAGE protein loading buffer (Beyotime, Catalog number: 

P0015) and denatured at 100 °C for 10 min. After centrifugation, loaded 

equal amounts of protein into the lanes of the 10% SDS-PAGE gel, 

respectively. In order to show the protein band, 10 μL of molecular weight 

marker was also loaded into an empty lane. After running for 1.5 h at 110 V 

in running buffer, the polyvinylidene difluoride (PVDF) membranes (Millipore) 

was activated by incubating with methanol for 1 min before using. Then the 

proteins in the SDS-PAGE gel were transferred to the activated PVDF 

membrane through running in the transferring buffer for another 1.5 h at 300 

mA in an ice box. After transferring, based on the protein marker the protein 

bands were cut flowed by washing with TBS-T (20 mM Tris-HCl, pH 7.5, 150 

mM NaCl, and 0.5% Tween 20). Then the protein bands were blocked using 

5% milk or 5% BSA for 1h at room temperature. Then incubated the 

membranes with suitable dilutions of primary antibodies in blocking buffer 

for overnight. After washing with TBS-T for three times, 15 min for each time, 

the protein bands were incubated with the recommended dilution of 

horseradish peroxidase (HRP)-labeled secondary antibodies based on the 

host species of primary antibodies at room temperature for 1.5 h. At last, 

enhanced chemiluminescence (ECL) Western Blotting Substrate (Thermo 

Scientific™ Pierce™, Product Code.10590624) was used for visualizing the 

expression of the target proteins. The expression level of PAR, PARP1 and 

PARP2 was quantified and normalized to corresponding loading control 
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protein (Zhang, Sheng et al. 2009). The flowing primary antibodies were 

used: anti-PARP1 monoclonal antibody (Abcam, ab32138), PARP2 

Polyclonal antibody (Proteintech, 55149-1-AP), anti-β-actin monoclonal 

antibody (Abcam, mAbcam 8226), and anti-Poly (ADP-Ribose) polymer 

polyclonal antibody (Abcam, ab14460). 

 

5.3.2 Enzyme-linked immunosorbent assay (ELISA) 

143B-mCherry cells isolated from the orthotopic tumor and lung tissue in 

NOD/SCID gamma mice treated with vehicle or olaparib were cultured in 6-

well plates for overnight. Collected the supernatants and transferred to 1.5 

mL tubes. After four washes with ice-clod PBS, the adherent cells were 

digested by Accutase (Thermo Fisher Scientific, Catalog number: A1110501) 

at cell incubator for 3 min. After washing to remove the detachment solution, 

ice-cold RIPA lysis buffer supplemented with 1X Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific, Product Code.10127963) was 

incubated with the cell pellet for 15 min on ice on a shaker. Centrifugated 

the sample at 14,000 g for 15 min at 4 °C and transferred the supernatant 

to a fresh microcentrifuge tube and the cell pellet was discarded. The 

quantification of PAR, PARP1 and PARP2 were determined by ELISA using 

according ELISA kits. Human PARP2 ELISA Kit (ELISA Genie, SKU: 

HUFI02172), human poly (ADP-ribose) polymerase 1 ELISA Kit (Catalog # 

MBS703546), and Poly (ADP-Ribose) ELISA Kit (Cell biolabs, Catalog 

Number XDN-5114) were used in this study. 

 

5.3.3 Immunohistochemistry (IHC) 

To exhibit the protein expression level of PAR, PARP1 and PARP2 directly, 

IHC was carried out essentially as previously published work with minor 

modifications (Di Cristofano, Leopizzi et al. 2010, Kim, Moon et al. 2016, 

Gui, Gui et al. 2019). At first, fixed the isolated OS tissues and lung tissues 
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with 4% paraformaldehyde for at least 48 h. Then cut the tissues into small 

appropriate pieces and put into embedding cassettes flowed by incubating 

with 70% ethanol for overnight, 80% ethanol for 30 min, 96% ethanol for 15 

min, 96% ethanol for 30 min, 100% ethanol for 30 min, 100% ethanol for 60 

min, 1/2 ethanol and 1/2 xylene for 30 min, xylene for 30 min, xylene for 30 

min, 1/2 ethanol and 1/2 xylene for 60 min, wax for 60 min, wax for 60 min, 

wax for 60 min. We conducted the IHC assay on 5 μm paraffin sections 

using Pierce™ Peroxidase IHC Detection Kit (Thermo Fisher Scientific, 

Catalog number: 36000) according to the user manual. Firstly, 

deparaffinized the sections using xylene and rehydrated through three 

changes of ethonal. After washing, the activity of the endogenous 

peroxidase was quenched by incubating tissue slides with Peroxidase 

Suppressor for 0.5 h at room temperature in the dark box. After three 

washes with PBS, the antigen was retrieved through using retrieval buffer 

(10 mM Sodium Citrate, pH 6.0) in a microwave oven and allowed the 

sections to cool naturally. After washing, the tissue sections were blocked 

with block buffer provided by the kit for 0.5 h at room temperature. After 

removing the block buffer, directly added appropriate primary antibodies for 

PAR, PARP1, and PARP2 at optimally diluted concentrations for overnight 

at 4 °C. After three washes with PBS, added suitable HRP-conjugated 

secondary antibodies and incubated for 2 h. After washing, added 1X 

working solution of the diaminobenzidine (DAB)/Metal Concentrate (10X) to 

the slides and incubated until the desired staining was achieved. The 

nuclear was counterstained with hematoxylin. After washing, the slides were 

mounted with Mounting Media. Sections were visualized in an inverted 

fluorescence microscope. 

 

5.3.4 shRNA interference and transfection 
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shRNA sequences that targeted the human PARP1, PARP2 were 

purchased from Guangzhou RiboBio Co.,LTD. The shRNAs sequences 

used in this study were summarized in Table 1. We prepared shRNA 

sequences according to the user guide. A non-specific sequence with no 

homology with the human genome was used as a control sequence. The 

human osteosarcoma 143B cells had been seeded in a 6-well plate with 

complete medium and incubated 24 h. On the next day, when growing to 

80% confluence, the culture medium of the 143B cells at logarithmic growth 

phase were removed and replenished with 1.7 mL fresh complete medium. 

25 pmol PARP1, PARP2 shRNA or empty vector with 7.5 μL lipofectamine™ 

RNAiMAX transfection reagent per well was transfected for 48 h in 143B 

cells. Then the cells were harvested, some cells were used for wound 

healing assay, transwell assay and others used to extract protein for 

western blot analysis.  

 

Table 1: shRNA sequences used in transfection assay. 

Target gene shRNA sequence  

PARP1 5’-GGGCAAGCACAGUGUCAAAdTdT-3’ 

PARP2 5’-GGAGAAGGAUGGUGAGAAAdTdT-3’ 

Negative control 5’-UUCUCCGAACGUGUCACGUdTdT-3’ 

 

5.3.5 Wound healing assay 

To evaluate whether PARP1 or PARP2 was associated with cell migration, 

143B cells were seeded and cultivated in 6-well plates 24 h in advance. 

Then the cells at around 80% confluence were treated with shCtrl, shPARP1, 

or shPARP2 for transfection. After transfection, the cells were prepared into 

single cell suspensions and seeded in 6-well plates for overnight until a 

confluent monolayer of cells formed. Uniform wounds were carefully made 

by scraping the cell plates in a "#" glyph with a 10 μL pipette tip. PBS was 

used to wash off the floating cells, new complete culture medium was added. 
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The images captured at 10X magnification by an inverted microscope at this 

time was defined 0 h as the baseline. Then incubated the cells at incubator 

for another 10 h and flowed by photograph. The scratch area at 0 h was set 

to 100%. The migration rate was analyzed using ImageJ software (Grada, 

Otero-Vinas et al. 2017). 

 

5.3.6 Invasion assay 

To evaluate whether PARP1 or PARP2 played roles in cell invasion, 143B 

cells were seeded and cultured in 6-well plates 24 h in advance. Then the 

cells at around 80% confluence were transfected with shCtrl, shPARP1, or 

shPARP2 for 48 h, respectively. After transfection, the cells were prepared 

into single cell suspensions and counted. And prepared single cell 

suspensions containing 5.0 × 105 cells/mL in medium without serum but 

supplemented with DMSO or PARP inhibitors. The invasive ability of treated 

cells was performed by 24-Multiwell Insert System (8.0 μm PET membrane, 

Corning, Product Number: 354480). 800 µL full medium was firstly added 

into the wells and then put in the inserts. 200 µL of cell suspensions were 

transferred into the upper chambers and incubated for 10 h at cell incubator. 

Ten hours later, removed the inserts into new 24-well plates and washed the 

cells with PBS for three times and then fixed the cells. After three washes 

with ddH2O, fixed the cells with 4% paraformaldehyde for 15 min in dark 

flowed by staining using 0.5% crystal violet staining solution for 0.5 h. After 

three washes with ddH2O, the uninvaded cells were gently scraped with 

cotton swabs. The invaded cells on the lower side of the filter membrane 

were observed at 40 X magnification and imaged using a brightfield 

microscopy. The number of invaded cells in six randomly fields were 

counted for statistics. 
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5.4 Results 

5.4.1 Olaparib treatment induced downregulation of PAR and PARP1. 

To analyze the underlying mechanism, 143B-mCherry cells were isolated 

from the tumor tissue and lung tissue in mice treated with vehicle or olaparib 

via flow cytometry sorting. Western blotting, ELISA, and IHC were 

conducted to evaluate the expression level of PAR, PARP1, PARP2 in 143B 

cells isolated from the tumor tissue and lung tissue. We found that the total 

PAR level is significantly reduced in cells isolated from lung tissue in both 

vehicle and olaparib treated group (Fig. 5-1a, b, c), implying the close 

relation between PARylation and metastasis. PARP1 level was also slightly 

decreased in metastasis while PARP2 remains comparable (Fig. 5-1a, b, 

c). 
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Figure 5-1. The level of PAR and PARP1 was downregulated. (a) Western blotting analysis was performed to analyze 

the level of PAR, PARP1 and PARP2 in orthotopic tumor and lung metastases in cells isolated from mice after treatment. 

(b) The quantitative relative expression levels of PAR, PARP1 and PARP2 in orthotopic tumor and lung metastases in cells 

isolated from mice after treatment by ELISA. (c) Representative IHC images of PAR, PARP1 and PARP2 in orthotopic 

tumor tissue and lung tissue from BALB/c mice.
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5.4.2 The down regulation of PARP1 enhanced the migratory and 

invasive properties of OS cells. 

The above data showed that the level of PAR and PARP1 were both 

decreased in the lung tissues isolated from mice treated with or without 

olaparib, suggesting that olaparib might promote the invasive ability by 

decreasing PARP1 expression, through which decreasing the synthesis of 

PAR that finally leading to metastasis. Based on this finding, we knocked 

down PARP1 and PARP2 in OS cells using shRNA and examined their 

migratory and invasive abilities. In consistence with the in vivo result, 

enhanced pro-migratory (Fig. 5-2a) and pro-invasive (Fig. 5-2b) effects 

were only observed in PARP1 knockdown 143B cells but not PARP2 

knockdown cells compared with control group, suggesting the PARP1 

dependence of this PARylation. It indicated that olaparib induced metastasis 

might be associated with the reduction of PARP1. Therefore, it is significant 

to identify the substrate protein for PARP1.
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Figure 5-2. The down regulation of PARP1 enhanced the migratory and invasive properties of OS cells. (a) The 

influence of PARP1 and PARP2 knockdown on the migratory property of 143B cells was tested via scratch assay. Scale 

bars, 300 μm. (b) The influence of PARP1 and PARP2 knockdown on the invasive behavior of 143B cells was tested by 

chamber invasion assay. Scale bars, 100 μm.
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5.5 Conclusion 

Poly ADP-ribosylation is a unique post-translational modification which 

regulates diverse cellular processes especially the activation of its associate 

proteins. These results indicated that the level of PAR and PARP1 were both 

decreased after olaparib treatment. And down regulated the expression of 

PARP1 promoted OS cell migration and invasion, indicating its potential role 

in OS metastasis. Therefore, the identification of the substrate proteins of 

PARP1, particularly the PARylated proteins was of high significance to 

elucidate the mechanism for OS distant metastasis. 
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CHAPTER 6. Ezrin was identified as an interactive protein for PARP1 and PAR.  
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6.1 Purpose of chapter 6 

To identify the target PARylated interactive proteins for PARP1. 

 

6.2 Design of experiments 

All the above data suggested that olaparib treatment decreases the expression of 

PARP1 and the level of PAR and promoted OS lung metastasis, indicating that it is 

necessary to identify the interactive proteins of PARP1 to analyze the associated 

metastatic mechanism. We performed pull-down assay with his-tagged PARP1 protein, 

co-IP assay using anti-PARP1 antibody and anti-PAR antibody. The specific protein 

bands in the SDS-PAGE gel was collected for mass spectrometry. Then we analyzed 

the data obtained from mass spectrometry and compared the proteins in these three 

specific protein bands. Ezrin and cortactin were present in all three bands, and the 

interaction of ezrin or cortactin with PAR or PARP1 was determined by IP and IB assay. 

The result confirmed the interaction between ezrin and PARP1. Therefore, ezrin was 

further studied. In order to identify the binding domain between ezrin and PARP1, full 

length and truncated PARP1 or ezrin proteins were used for co-IP assay. PARP1 is a 

well-known nuclear protein, and ezrin has been reported to be mainly distributed in 

cytosol and plasma membrane. To study the underlying interaction mechanism of 

PARP1 and ezrin, the immunofluorescence assay using anti-PARP1, anti-ezrin and 

anti-p-Ezrin antibodies was performed. In addition, the proteins in cytoplasm and the 

nucleus were prepared utilizing Qproteome® Cell Compartment Kit and the protein 

level of PARP1 in different cell compartments was determined using western blotting 

analysis.  

 

6.3 Experimental methods 

6.3.1 Pull-down assay 

To identify the target substrate protein of PARP1, a pull-down assay was performed as 
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indicated: briefly, PARP1 protein with his-tag, or human serum albumin (HSA) protein 

with his-tag were incubated with Ni-NTA Magnetic Agarose Beads (Qiagen, Cat No./ID: 

36111) on a spinning wheel at cold room for 2 h to mobilize the proteins on beads. After 

mobilization, washed the proteins-beads complex three times with PBS buffer 

containing protease inhibitors. Then, the protein-beads complex was incubated with 

the whole proteins of 143B prepared as mentioned above for overnight at cold room. 

After washing, the pull-down complexes were denatured at 100 °C on a heating block 

for 10 min to isolate proteins from the beads. The supernatant contains the proteins 

was collected and separated using SDS-PAGE gel and visualized through silver 

staining (Caruso, Martin et al. 2018). 
 

6.3.2 Co-immunoprecipitation (co-IP) 

To identify the PARylated target substrate protein of PARP1, co-IP assay was 

conducted with Pierce™ Classic Magnetic IP/co-IP Kit (Thermo Fisher Scientific, 

Catalog number: 88804) referring to the protocol for user (Kedar, Stefanick et al. 2008, 

Caruso, Martin et al. 2018). Briefly, 143B cells were cultivated in 10 cm dishes 24 h in 

advance. Then detached the cells by incubating with Accutase for 3 min at cell 

incubator. After centrifugation and three washes using PBS, 1 mL of IP Lysis/Wash 

Buffer provided by the kit was added to the pellet for incubating for 5 min on ice with 

periodic mixing. After centrifugation, transferred equal volume of the supernatant into 

two fresh microcentrifugation tubes. 5 μg IP antibodies for PAR, PARP1 or IgG were 

added and incubated overnight on a spinning wheel at 4 ºC to sufficiently form the 

immune complex. After incubation, the immune complex was incubated with magnetic 

protein A/G beads for 1 h. After three washes with lysis buffer, 2X SDS PAGE protein 

loading buffer was added to the proteins-beads complex to denature at 100 °C for 10 

min on a heating block. Then, immunoprecipitants were analyzed using SDS-PAGE 

gel followed by staining with Pierce™ Silver Stain (Thermo Fisher Scientific, Catalog 

number: 24600). 
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6.3.3 Western Blot analysis 

To identify the PARylated receptor proteins for PARP1, a pull-down assay using his-

tagged HSA or PARP1 protein, and two co-IP assays using anti-PAR, anti-PARP1 and 

IgG antibodies were performed. Equal volume of corresponding proteins for each 

sample were analyzed in 10% SDS-PAGE gel. IgG, anti-PARP1, anti-ezrin, anti-cortactin 

and anti-PAR primary antibodies were used.  

 

To determine the binding domain of PARP1 and ezrin interaction, full length or truncated 

PARP1 or ezrin were used for co-IP assay. Equal volume of corresponding proteins in 

each sample was separated in 10% SDS-PAGE gel. IgG, anti-PARP1, anti-ezrin, and 

anti-FLAG primary antibodies were used.  

 

To show the subcellular distribution of PARP1 in OS cells, proteins in the nucleus or 

cytoplasm of 143B cells were extracted by Qproteome Cell Compartment Kit (Qiagen, 

Cat No./ID: 37502). In brief, 5.0 x 106 143B cells were used and prepared in 1.5 mL 

microcentrifugation tube. After three washes with ice cold PBS, resuspended the pellet 

with 1 mL ice-cold Extraction Buffer CE1 supplied by the kit to incubate for 10 min at cold 

room on a rocking shaker. After incubation, centrifugated the sample at 4 °C with 1,000 

g for 10 min and removed the cytosol proteins to a new microcentrifugation tube. 

Resuspended the pellet with 1 mL ice-cold Extraction Buffer CE2 to incubate for 0.5 h at 

cold room on a rocking shaker. After incubation, centrifugated the sample at 4 °C with 

6,000 g for 10 min and then removed the supernatant which contains membrane proteins 

to a fresh microcentrifugation tube. To extract nuclear proteins, 7 μL Benzonase® 

Nuclease and 13 μL distilled water were firstly incubated with the cell pellet for 15 min at 

room temperature. Then 500 μL ice-cold Extraction Buffer CE3 was added to incubate 

for another 10 min at cold room on a rocking shaker. Centrifugated the sample at 6,800 

g for 10 min at 4 °C, then the supernatant which contains nuclear proteins was carefully 
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removed to a fresh microcentrifugation tube. These proteins were separated by 10% 

SDS-PAGE gel and transferred into PVDF membrane for detecting. The signal 

development was acquired using enhanced chemiluminescence reagents. 
 

The flowing primary antibodies were used: anti-PARP1 monoclonal antibody (Abcam, 

ab32138), anti-β-actin monoclonal antibody (Abcam, mAbcam 8226), Anti-Cortactin 

antibody (Abcam, ab33333), anti-ezrin monoclonal antibody (Abcam, ab40839), anti-

FLAG polyclonal antibody (Abcam, ab1162), IgG control Polyclonal antibody 

(Proteintech, 30000-0-AP), and anti-Poly (ADP-Ribose) polymer polyclonal antibody 

(Abcam, ab14460), anti-GAPDH monoclonal antibody (Abcam, ab8245), and anti-

Lamin B1 antibody (Abcam, ab16048). 

 

6.3.4 Immunofluorescence staining of cultured cells 

To show the subcellular distribution of p-Ezrin, ezrin, PAR and PARP1 in 143B cells, 

1.5 x 105 143B cells were seeded in Nunc glass bottom dishes 24 h in advance. On 

day 2, fixed the cells using 4% PFA in dark for 15 min. After washing four times with 

PBS, permeabilized the cells with 0.5% Triton X-100 for 15 min. Then, blocking buffer 

which contains 1% BSA and 2% goat serum was added to each well and incubated for 

1 h. After blocking, incubated primary antibodies for ezrin, p-Ezrin, PARP1 and PAR at 

appropriate dilution concentration with the cells for 1 h, respectively. After four washes 

with PBS, fluorescent conjugated secondary antibodies were added and incubated for 

1 h. The nuclei were counterstained using 1mg/mL Hoechst 33342 (Beyotime, Catalog 

number: C1027) and visualized using a Leica confocal microscope (Di Cristofano, 

Leopizzi et al. 2010, Jin, Jin et al. 2012). 
 

6.3.5 Homology modeling of ezrin and molecular docking with PARP1 

Homology modeling of ezrin was based on the X-Ray crystal structure of moesin (PDB 

ID: 2i1j) and ezrin FERM and C-terminal domain. 3D structure of ezrin is available in 
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PDB database, however only FERM and C-terminal domain are resolved. Blast 

(http://blast.ncbi.nlm.nih.gov/Blast.cgi) against PDB database was performed to 

identify homology templates, moesin from spodoptera frugiperda is identified as the 

only available structure that has full length alignment except ezrin itself. Full length 

structure prediction was based on the available partial structure of ezrin itself (PDB ID: 

4RM8) and moesin (PDB ID: 2i1j).  Homology modeling software MODELER was 

used to build 3D structure of ezrin. Structure with best DOPE score (Discrete Optimized 

Protein Energy) was chosen as the starting point for further structure refinements. In 

order to find optimized conformations, loop refinement was applied to the loop region 

residues of the predicted structure of model protein. After loop refinement, energy 

minimization was applied to the model structure to remove obvious clashes. 
 

Two steps were used to get final possible docking structures of PARP1 and ezrin. 

ZDOCK: a fast, rigid-body protein-protein docking algorithm that applies ligand rotation 

and a pair-wise shape complementarily. The X-Ray structure of PARP1 is used as 

receptor and predicted structure of EZRIN is used as ligand in the ZDOCK, angle 

sampling size of 15 degrees were used to search the docking poses. RMSD cutoff 10.0 

Å were used to cluster poses, and the maximum number of 100 clusters would be 

generated. RDOCK: based on the CHARMm simulations program and used for further 

refinement of complexes generated by ZDOCK, it ranks the docked structures based 

on CHARMm electrostatic interaction energy and ACE desolvation energy. Two poses 

that have either have good ZDock score or cluster density from top 6 clusters were 

used here to further refine of the docking structure using Rdock. The optimal model 

was finally selected. 

 

6.4 Results 

6.4.1 Identification of ezrin as an interactive protein for PARP1. 
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The above data indicated that PARP1 might be related with olaparib induced 

pulmonary metastasis. Therefore, to further explore PARP1 associated signaling 

pathways and its interactive proteins in osteosarcoma cells, we performed a pull-down 

assay using human recombinant PARP1 protein as the bait. His-tag HSA acts as a 

negative control to exclude nonspecific binding protein bands. The pulled-down protein 

bands in the PARP1 protein group but not from the HSA protein group were excised 

for mass spectrometry (Fig. 6-1a). Co-IP assay using anti-PAR antibody and anti-

PARP1 antibody were also conducted as the second dimension of identification. The 

anti-PAR antibody precipitated proteins were separated using SDS-PAGE gel and 

visualized by silver staining (Fig. 6-1b). The anti-PARP1 antibody precipitated proteins 

were shown (Fig. 6-1c). Analysis of proteins in the distinctive bands by mass 

spectrometry followed by a screening for proteins provided a candidate list of possible 

interactive proteins (Table 2). Through mass spectrometry analysis, 25 candidates 

were identified in the specific band of co-IP assay using anti-PAR antibody, 14 

candidates were identified in the specific band of co-IP assay using anti-PARP1 

antibody and 20 candidates were identified in the specific band of pull-down assay 

using PARP1 protein (Fig. 6-1d). Ezrin and cortactin were the two proteins that 

identified in all of these three independent experiments. The candidate interactive 

proteins with PARP1 were checked by co-IP assay. The results showed that cortactin 

was not the interactive protein for PARP1 (Fig. 6-1e). Ezrin, a protein reported closely 

associated with osteosarcoma metastasis, was confirmed to be an interactive protein 

for PARP1 (Fig. 6-1f). Ezrin is one of the ERM family, which organize complex 

membrane domains by interacting with plasma membrane proteins, phospholipids and 

the cytoskeleton. The phosphorylated ezrin (p-Ezrin) binds to F-actin, and 

subsequently regulates cell motility, polarity and adherence which are closely related 

to cancer metastasis. PAR was detected at the band position of ezrin in IP of ezrin, 

suggesting the PARylation of ezrin by PARP1 (Fig. 6-1f). 
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Table 2. Lists of candidate proteins from the indicated bands in pull-down and co-IP assays analyzed by Mass 

spectrometry. 

 PARP1 pull down PARP1 co-IP PAR co-IP 
1 Ezrin OS=Homo sapiens 

OX=9606 GN=EZR PE=1 SV=4 
DNA-(apurinic or apyrimidinic site) lyase 
OS=Homo sapiens OX=9606 GN=APEX1 
PE=1 SV=2 

Septin-9 OS=Homo sapiens OX=9606 
GN=SEPT9 PE=1 SV=2 

2 Beta-adrenergic receptor kinase 
1 OS=Homo sapiens OX=9606 
GN=GRK2 PE=1 SV=2 

Nucleophosmin OS=Homo sapiens 
OX=9606 GN=NPM1 PE=1 SV=2 

E3 ubiquitin-protein ligase Midline-1 
OS=Homo sapiens OX=9606 GN=MID1 
PE=1 SV=1 

3 Src substrate cortactin 
OS=Homo sapiens OX=9606 
GN=CTTN PE=1 SV=2 

Ezrin OS=Homo sapiens OX=9606 
GN=EZR PE=1 SV=4 

Nuclear speckle splicing regulatory protein 1 
OS=Homo sapiens OX=9606 GN=NSRP1 
PE=1 SV=1 

4 Heterogeneous nuclear 
ribonucleoproteins A2/B1 
OS=Homo sapiens OX=9606 
GN=HNRNPA2B1 PE=1 SV=2 

Casein kinase I isoform alpha OS=Homo 
sapiens OX=9606 GN=CSNK1A1 PE=1 
SV=2 

Heat shock cognate 71 kDa protein 
OS=Homo sapiens OX=9606 GN=HSPA8 
PE=1 SV=1 

5 X-ray repair cross-
complementing protein 5 
OS=Homo sapiens OX=9606 
GN=XRCC5 PE=1 SV=3 

Glyceraldehyde-3-phosphate 
dehydrogenase OS=Homo sapiens 
OX=9606 GN=GAPDH PE=1 SV=3 

Wiskott-Aldrich syndrome protein family 
member 1 OS=Homo sapiens OX=9606 
GN=WASF1 PE=1 SV=1 

6 Filaggrin-2 OS=Homo sapiens 
OX=9606 GN=FLG2 PE=1 SV=1 

Annexin A2 OS=Homo sapiens OX=9606 
GN=ANXA2 PE=1 SV=2 

Ezrin OS=Homo sapiens OX=9606 
GN=EZR PE=1 SV=4 

7 Putative elongation factor 1-
alpha-like 3 OS=Homo sapiens 
OX=9606 GN=EEF1A1P5 PE=5 
SV=1 

Bifunctional methylenetetrahydrofolate 
dehydrogenase/cyclohydrolase, 
mitochondrial OS=Homo sapiens 
OX=9606 GN=MTHFD2 PE=1 SV=2 

Interleukin-26 OS=Homo sapiens OX=9606 
GN=IL26 PE=1 SV=1 

8 WD repeat-containing protein 70 
OS=Homo sapiens OX=9606 
GN=WDR70 PE=1 SV=1 

Src substrate cortactin OS=Homo 
sapiens OX=9606 GN=CTTN PE=1 
SV=2 

Polyadenylate-binding protein 4 OS=Homo 
sapiens OX=9606 GN=PABPC4 PE=1 SV=1 

9 Mitochondrial proton/calcium 
exchanger protein OS=Homo 
sapiens OX=9606 GN=LETM1 

Eukaryotic translation initiation factor 2 
subunit 1 OS=Homo sapiens OX=9606 
GN=EIF2S1 PE=1 SV=3 

SH3 domain-binding protein 2 OS=Homo 
sapiens OX=9606 GN=SH3BP2 PE=1 SV=2 
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PE=1 SV=1 
10 Ataxin-2-like protein OS=Homo 

sapiens OX=9606 GN=ATXN2L 
PE=1 SV=2 

Leukocyte receptor cluster member 1 
OS=Homo sapiens OX=9606 GN=LENG1 
PE=1 SV=1 

La-related protein 7 OS=Homo sapiens 
OX=9606 GN=LARP7 PE=1 SV=1 

11 Desmoplakin OS=Homo sapiens 
OX=9606 GN=DSP PE=1 SV=3 

Tryptophan--tRNA ligase, mitochondrial 
OS=Homo sapiens OX=9606 
GN=WARS2 PE=1 SV=1 

RNA pseudouridylate synthase domain-
containing protein 2 OS=Homo sapiens 
OX=9606 GN=RPUSD2 PE=1 SV=2 

12 Stromal interaction molecule 1 
OS=Homo sapiens OX=9606 
GN=STIM1 PE=1 SV=3 

UPF0688 protein C1orf174 OS=Homo 
sapiens OX=9606 GN=C1orf174 PE=1 
SV=2 

General transcription factor IIF subunit 1 
OS=Homo sapiens OX=9606 GN=GTF2F1 
PE=1 SV=2 

13 Junction plakoglobin OS=Homo 
sapiens OX=9606 GN=JUP 
PE=1 SV=3 

 Dihydropyrimidinase-related protein 3 
OS=Homo sapiens OX=9606 GN=DPYSL3 
PE=1 SV=1 

14 RNA-binding protein EWS 
OS=Homo sapiens OX=9606 
GN=EWSR1 PE=1 SV=1 

 Wiskott-Aldrich syndrome protein family 
member 2 OS=Homo sapiens OX=9606 
GN=WASF2 PE=1 SV=3 

15 Anillin OS=Homo sapiens 
OX=9606 GN=ANLN PE=1 
SV=2 

 
Splicing factor 1 OS=Homo sapiens OX=9606 
GN=SF1 PE=1 SV=4 

16 Ribonucleoprotein PTB-binding 
1 OS=Homo sapiens OX=9606 
GN=RAVER1 PE=1 SV=1 

 
Nucleolin OS=Homo sapiens OX=9606 
GN=NCL PE=1 SV=3 

17 Putative elongation factor 1-
alpha-like 3 OS=Homo sapiens 
OX=9606 GN=EEF1A1P5 PE=5 
SV=1 

 Src substrate cortactin OS=Homo sapiens 
OX=9606 GN=CTTN PE=1 SV=2 

18 SLAIN motif-containing protein 2 
OS=Homo sapiens OX=9606 
GN=SLAIN2 PE=1 SV=2 

 Actin-binding LIM protein 1 OS=Homo 
sapiens OX=9606 GN=ABLIM1 PE=1 SV=3 

19   Formin-binding protein 1 OS=Homo sapiens 
OX=9606 GN=FNBP1 PE=1 SV=2 

20   Centrosome-associated protein 350 
OS=Homo sapiens OX=9606 GN=CEP350 
PE=1 SV=1 

21   Prelamin-A/C OS=Homo sapiens OX=9606 
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GN=LMNA PE=1 SV=1 
22   Mannosyl-oligosaccharide 1,2-alpha-

mannosidase IB OS=Homo sapiens 
OX=9606 GN=MAN1A2 PE=1 SV=1 

23   SLAIN motif-containing protein 2 OS=Homo 
sapiens OX=9606 GN=SLAIN2 PE=1 SV=2 
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Figure 6-1. Ezrin was identified as an interactive protein for PARP1 and PAR. (a) Sliver staining of human recombinant 

his-tagged PARP1 protein based pull down assay was performed in OS cell lysates to identify PAPR1 interactive proteins. 

HSA was used as control. (b) Sliver staining of co-IP assay for baiting PARylated or PAR interactive proteins using anti-

PAR antibody in OS cell lysates. IgG was used as negative control. (c) Sliver staining of co-IP assay for PARP1 interactive 

proteins using anti-PARP1 antibody in OS cell lysates. IgG was used as negative control. (d) Data analysis from Mass 

spectrometry. (e) The interaction of cortactin and PARP1 was assessed by IP assay. (f) OS cells were lysed with RIPA 

buffer. The cell lysate was used for co-IP with anti-PARP1 and anti-PAR antibodies followed by western blot analysis with 

according antibodies to verify the interaction between ezrin and PARP1 or PAR. 
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6.4.2 Identification of the binding domain between ezrin and PARP1. 

The interactive domains between PARP1 and ezrin were determined by IP 

in 143B cells transfected with flag-labeled truncated versions of PARP1 or 

ezrin containing different domains (ezrin: full length 1-586aa, 298-586aa, 

470-586aa; PARP1: full length 1-1014aa, 372-1014aa, 524-1014aa). The 

results showed that ezrin bound with the catalytic domain (524-1014aa) of 

PARP1 (Fig. 6-2a), while, PARP1 bound with the ERMAD domain (298-

470aa) of ezrin (Fig. 6-2b). A molecular docking of PARP1-ezrin interaction 

was conducted representing the binding domain and site (Fig. 6-2c). 
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Figure 6-2. The binding domain between ezrin and PARP1. (a) Binding domains of PARP1 with ezrin identified by co-

IP using truncated versions of PARP1 using different fractions of PARP1 protein by western blot analysis. (b) Binding 

domains of ezrin with PARP1 identified by co-IP using truncated versions of ezrin was verified using different fractions of 

ezrin protein via western blot analysis. (c) Molecular modeling of the binding between ezrin and PARP1 interaction at full 

length. 
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6.4.3 PARP1 localized in the cytoplasm of OS cells. 

At present, the functional studies on PARP1 are basically limited to PARP1 

in the nucleus. Of note, in consistent with previous published work, we found 

that PARP1 also localizes in the cytoplasm of OS cells, as the 

immunofluorescence assay shows (Figure 6-3a). We also performed 

western blot analysis to testify the expression of PARP1 in proteins 

extracted from the nucleus and the cytoplasm (Figure 6-3b). Lamin B and 

GAPDH were used as loading control to show the successful separation. 

The pull-down assay and the IP assay above have confirmed the interaction 

of ezrin and PARP1. So, we also detected the localization of ezrin. In 

consistence with results other researchers have published, ezrin mostly 

localized in the cytoplasm, but we found that the active form of ezrin (p-Ezrin) 

was also localized in the nucleus (Figure 6-3c). 
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Figure 6-3. PARP1 localized in the cytoplasm of OS cells. (a) The localization of PARP1 was analyzed by 

immunofluorescence assay. The nuclear was counterstained using DAPI. (b) The cell nuclear proteins and cytoplasmic 

proteins of OS cells were isolated for western blot analysis using corresponding antibodies. (c) Representative 

immunofluorescence images of the localization of ezrin, p-Ezrin and PAR using confocal microscopy. 
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6.5 Conclusion 

From all the above data, we could summarize that ezrin was the interactive 

protein for PARP1 and PAR. In addition, we found that p-Ezrin localized in 

the nucleus for the first time. All the data suggested that PARPi induced OS 

metastasis might be related to ezrin-associated signaling pathways. 

Therefore, in the next chapter we focus on the relationship between olaparib 

and ezrin. 
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CHAPTER 7. PARPi induced OS cell migration and invasion were 

ezrin-dependent. 
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7.1 Purpose of chapter 7 

To determine whether ezrin is associated with olaparib induced metastasis 

in vitro and in vivo. 

 

7.2 Design of experiments 

To investigate olaparib induced metastasis was associated with ezrin 

related signaling pathways, we first established an ezrin knock down cell 

line using 143B-mCherry, termed as ezrinKD. Then, we treated the ezrinWT 

(wild type 143B-mCherry) and ezrinKD cells with olaparib or DMSO and 

compared their migratory and invasive abilities in vitro. To further investigate 

olaparib induced metastasis was associated with ezrin in vivo, we first 

established an orthotopic NOD/SCID mouse model with ezrinWT or ezrinKD 

cells, respectively, and then administrated these mice with olaparib or 

DMSO. The detailed protocol was the same as described above. 
 

7.3 Experimental methods 

7.3.1 Wound healing assay 

To evaluate whether olaparib induced migration was dependent on ezrin, 

ezrinWT and ezrinKD143B cells were cultured in 6 cm dishes followed by 

DMSO or PARP inhibitors treatment. Then the cells were detached with 

Accutase to prepare single cell suspensions. Then transferred the treated 

cells into 6-well plates for overnight until a confluent monolayer of cells 

formed. Uniform wounds were carefully made by scraping the cell plates in 

a "#" glyph using a 10 μL pipette tip. PBS was used to wash off the floating 

cells, complete culture medium supplemented with DMSO or PARP 

inhibitors were added to the plates. The images captured at 10X 

magnification by an inverted microscope at this time was defined 0 h as the 

baseline. Then incubated the cells at incubator for another 10 h and flowed 

by photograph. The scratch area at 0 h was set to 100%. The migration rate 

was analyzed using ImageJ software (Grada, Otero-Vinas et al. 2017). 
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7.3.2 Invasion assay 

To investigate whether olaparib induced migration was dependent on ezrin, 

ezrinWT and ezrinKD143B cells were seeded 24 h in advance flowed by 

treating with DMSO or olaparib, respectively. Then the cells were detached 

with Accutase to prepare single cell suspensions. After washing two times 

with serum free medium, counted the cells and prepared single cell 

suspensions containing 5.0 × 105 cells/mL in medium without serum but 

supplemented with DMSO or PARP inhibitors. The invasive ability of treated 

cells was performed by 24-Multiwell Insert System. 800 µL full medium was 

firstly added into the wells and then put in the inserts. 200 µL of cell 

suspensions were transferred into the upper chambers and incubated for 

10 h at cell incubator. Ten hours later, removed the inserts into new 24-well 

plates and washed the cells with PBS for three times and then fixed the cells. 

After three washes with ddH2O, fixed the cells with 4% paraformaldehyde 

for 15 min in dark flowed by staining using 0.5% crystal violet staining 

solution for 0.5 h. After three washes with ddH2O, the uninvaded cells were 

gently scraped with cotton swabs. The invaded cells on the lower side of the 

filter membrane were observed at 40X magnification and imaged using a 

brightfield microscopy. The number of invaded cells in six randomly fields 

were counted for statistics. 

 

7.3.3 Treatment of mice 

To evaluate whether olaparib induced migration was dependent on ezrin in 

vivo, one orthotopic OS mouse model was established according to 

previous reports (Liang, Li et al. 2017). Briefly, NOD/SCID gamma mice 

were anesthetized. The knee of the right hind limb was flexed beyond 90° 

and a 25-gauge needle was used to rotate and penetrate the proximal tibial 

crest cortex. 20 μL of ezrinKD or ezrinWT cell suspension with around 1.0 x106 

cells were injected into each mouse. The mice were monitored for the 
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appearance of tumor growth. Three weeks after inoculation, the mice with 

observed tumor on the right hind limb were selected for PARP inhibitor 

evaluation studies. According to the previously reported studies and our in 

vitro results on olaparib, the dose of olaparib will be set as 100 mg/kg 

intraperitoneally once daily for five weeks. After treatment, the mice were 

sacrificed, and the tumor weight were isolated and measured. The visible 

metastatic nodules in lung tissue was counted. 
 

7.4 Results 

7.4.1 The promoted cell migration and invasion of olaparib depended 

on ezrin in vitro. 

Olaparib treatment could promote the migration and invasion in ezrinWT cells. 

But this property was significant decreased in ezrinKD cells (Figure 7-1a). 

Expectedly, olaparib treatment induced invasion in ezrinWT cells was also 

dramatically alleviated in ezrinKD cells (Figure 7-1b). 
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Figure 7-1. The promoted cell migration and invasion of olaparib depended on ezrin in vitro. (a) The migratory ability 

of the ezrinKD and ezrinWT cells after treatment was quantified using wound healing assay. (b) The invasive ability of DMSO 

or olaparib (10 μM) treated ezrinKD and ezrinWT cells were analyzed using Transwell invasion assay.  
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7.4.2 The promotion of lung metastasis induced by olaparib was 

dependent on ezrin in vivo. 

We established tumor bearing mice with ezrinKD and ezrinWT 143B-mCherry 

cells and treated these mice with olaparib or vehicle for five weeks as before. 

We observed that the tumor weight of both the ezrinWT group and ezrinKD 

group treated with olaprib was much lighter than that in the vehicle group 

(Figure 7-2a). However, the number of lung metastatic nodules in ezrinKD 

group was dramatically lower than ezrinWT group. Notably, olaparib 

aggravated lung metastasis in ezrinWT group was considerably reduced in 

ezrinKD group (Figure 7-2b).
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Figure 7-2. Olaparib promoted metastasis depended on ezrin in vivo. (a) The tumor weight was measured in ezrinWT 

or ezrinKD OS cells established mouse models treated with vehicle or olaparib. (b) The nodules in lung tissues in mice 

treated with vehicle or olaparib were counted (n = 8). 
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7.5 Conclusion 

In summary, the in vitro and in vivo data indicated that olaparib induced 

metastasis depended on ezrin. As we have mentioned above, the 

phosphorylation of ezrin is the switch to activate ezrin. And ezrin was known 

to be related with cancer metastasis including OS, therefore, it is important 

to further investigate whether olaparib induced metastasis was associated 

with the phosphorylation of ezrin. 
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CHAPTER 8. PARPi induced metastasis was dependent on the 

phosphorylation of ezrin. 
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8.1 Purpose of chapter 8 

To study the relationship between olaparib and the phosphorylation of ezrin 

(p-Ezrin). 

 

8.2 Design of experiments 

In the last chapter, we know that olaparib induced metastasis was 

dependent on ezrin. Generally, ezrin is in a dormant condition and the 

activation of ezrin is based on its phosphorylation. The activation of ezrin is 

involved in cancer metastasis. Therefore, it is important to illustrate whether 

olaparib associated metastasis through activating ezrin. Due to olaparib 

mainly inhibit the production of PAR, so we determined the relationship 

between PAR and the phosphorylation of ezrin via regulating the level of 

PAR. we knocked down the expression of PARP1 with shPARP1 or inhibited 

the enzymatic activity of PARP1 with olaparib to downregulate the PAR level, 

H2O2 and PARG inhibitor were used to upregulate the PAR level. The 

protein level of PAR and p-Ezrin were detected using western blot analysis. 

 

The above data indicated that the PAR level reversely regulated the 

phosphorylation of ezrin indicating that olaparib induced metastasis might 

depend on the phosphorylation of ezrin. To further determine olaparib 

activated ezrin through downregulating the level of PAR but not via the 

phosphokinases, we detected the expression of phosphokinases in cells 

treated with vehicle or olaparib. Besides, we transfected ezrinKD 143B cells 

with a plasmid either expressing wildtype ezrin (ezrinKD+WT) or an ezrin 

mutant on T567 of the phosphorylation site (ezrinKD+Mut). The migratory 

ability and invasive ability of these two cell lines treated with DMSO or 

olaparib were evaluated. 
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8.3 Experimental methods 

8.3.1 shRNA interference and transfection 

shRNA sequences that targeted the human PARP1 were purchased from 

Guangzhou RiboBio Co.,LTD. We prepared shRNA sequences according to 

the user guide. A non-specific sequence with no homology with the human 

genome was used as a control sequence. The human osteosarcoma 143B 

cells had been seeded in a 6-well plate with complete medium and 

incubated 24 h. On the next day, when growing to 80% confluence, the 

culture medium of the 143B cells at logarithmic growth phase was removed 

and replenished with 1.7 mL fresh complete medium. 25 pmol PARP1 or 

empty vector with 7.5 μL lipofectamine™ RNAiMAX transfection reagent per 

well was transfected for 48 h in 143B cells. Then the cells were harvested, 

some cells were used for wound healing assay, transwell assay and others 

used to extract protein for western blot analysis.  
 

8.3.2 Plasmid transfection 

Plasmids expressing wildtype ezrin or mutant ezrin on the T567 were 

purchased from Guangzhou RiboBio Co.,LTD. We prepared and transfected 

the plasmids in ezrinKD cells using  Lipofectamine™ 3000 Transfection 

Reagent (Thermo Fisher Scientific, Catalog number: L3000015) according 

to the manual protocol. In brief, 143B cells were seeded in a 6-well plate 

with complete medium and incubated 24 h. On the next day, when growing 

to 80% confluence, the culture medium of the 143B cells at logarithmic 

growth phase was removed and replenished with 1.75 mL fresh complete 

medium. Diluted the Lipofectamine® 3000 reagent, P3000™ reagent and 

DNA using Opti-MEM® Medium, respectively. Then incubated the diluted 

Lipofectamine® 3000 reagent and DNA for 15 min at room temperature. In 

the end, add the complex to the corresponding wells for 48 h.  
 

8.3.2 Western Blot analysis 
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To evaluate whether the activation of ezrin was associated with the level of 

PAR, 143B cells were treated with PARP inhibitor, H2O2, PARG inhibitor or 

transfected with PARP1 shRNA sequence for indicated time. After four 

washes with ice-clod PBS, the adherent cells were digested by Accutase 

(Thermo Fisher Scientific, Catalog number: A1110501) at cell incubator for 

3 min. After washing to remove the detachment solution, ice-cold RIPA lysis 

buffer supplemented with 1X Protease and Phosphatase Inhibitor Cocktail 

(Thermo Fisher Scientific, Product Code.10127963) was incubated with the 

cell pellet for 15 min on ice on a shaker. Centrifugated the sample at 14,000 

g for 15 min at 4 °C and transferred the supernatant to a fresh 

microcentrifuge tube and the cell pellet was discarded. The protein 

concentrations were determined by Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific, Catalog number: 23225), referred to the 

manufacture’s guidelines. Then 30 μg protein in each group were prepared 

using 5X SDS PAGE protein loading buffer (Beyotime, Catalog number: 

P0015) and denatured at 100 °C for 10 min. After centrifugation, loaded 

equal amounts of protein into the lanes of the 10% SDS-PAGE gel, 

respectively. In order to show the protein band, 10 μL of molecular weight 

marker was also loaded into an empty lane. After running for 1.5 h at 110 V 

in running buffer, the polyvinylidene difluoride (PVDF) membranes (Millipore) 

was activated by incubating with methanol for 1 min before using. Then the 

proteins in the SDS-PAGE gel were transferred to the activated PVDF 

membrane through running in the transferring buffer for another 1.5 h at 300 

mA in an ice box. After transferring, based on the protein marker the protein 

bands were cut flowed by washing with TBS-T (20 mM Tris-HCl, pH 7.5, 150 

mM NaCl, and 0.5% Tween 20). Then the protein bands were blocked using 

5% milk or 5% BSA for 1h at room temperature. Then incubated the 

membranes with suitable dilutions of primary antibodies in blocking buffer 

for overnight. After washing with TBS-T for three times, 15 min for each time, 
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the protein bands were incubated with the recommended dilution of 

horseradish peroxidase (HRP)-labeled secondary antibodies based on the 

host species of primary antibodies at room temperature for 1.5 h. At last, 

enhanced chemiluminescence (ECL) Western Blotting Substrate (Thermo 

Scientific™ Pierce™, Product Code.10590624) was used for visualizing the 

expression of the target proteins. The expression level of the target proteins 

was quantified and normalized to corresponding loading control protein 

(Zhang, Sheng et al. 2009).  

 

To evaluate whether the effect of olaparib on the activation of ezrin was 

associated with the main kinases (ROCK1, ROCK2, PI3K, PKC), 143B cells 

were seeded 24 h in advance flowed by treating with DMSO or olaparib, 

respectively. After treatment, the whole proteins were exacted as above. 

The proteins were transferred from 10% SDS-PAGE gel to PVDF 

membrane. The signal development was acquired using enhanced 

chemiluminescence reagents. 

 

The flowing primary antibodies were used: ROCK1 polyclonal antibody 

(Proteintech, 21850-1-AP), ROCK2 monoclonal antibody (Proteintech, 

66633-1-Ig), PKC Iota polyclonal antibody (Proteintech, 13883-1-AP), anti-

PI3 Kinase p85 alpha (phospho Y607) antibody (Abcam, ab182651). 

 

8.3.3 Wound healing assay 

To evaluate whether olaparib induced migration was dependent on ezrin, 

we first transfected ezrinKD cells to construct ezrinKD+WT and ezrinKD+Mut 

143B cells. Then these cells were cultured in 6 cm dishes followed by DMSO 

or PARP inhibitors treatment. Then the cells were detached with Accutase 

to prepare single cell suspensions. Then transferred the treated cells into 6-

well plates for overnight until a confluent monolayer of cells formed. Uniform 

wounds were carefully made by scraping the cell plates in a "#" glyph using 
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a 10 μL pipette tip. PBS was used to wash off the floating cells, complete 

culture medium supplemented with DMSO or PARP inhibitors were added 

to the plates. The images captured at 10X magnification by an inverted 

microscope at this time was defined 0 h as the baseline. Then incubated the 

cells at incubator for another 10 h and flowed by photograph. The scratch 

area at 0 h was set to 100%. The migration rate was analyzed using ImageJ 

software (Grada, Otero-Vinas et al. 2017). 

 

8.3.4 Invasion assay 

To investigate whether olaparib induced migration was dependent on ezrin, 

ezrinKD+WT and ezrinKD+Mut 143B cells were seeded 24 h in advance flowed 

by treating with DMSO or olaparib, respectively. Then the cells were 

detached with Accutase to prepare single cell suspensions. After washing 

two times with serum free medium, counted the cells and prepared single 

cell suspensions containing 5.0 × 105 cells/mL in medium without serum but 

supplemented with DMSO or PARP inhibitors. The invasive ability of treated 

cells was performed by 24-Multiwell Insert System. 800 µL full medium was 

firstly added into the wells and then put in the inserts. 200 µL of cell 

suspensions were transferred into the upper chambers and incubated for 

10 h at cell incubator. Ten hours later, removed the inserts into new 24-well 

plates and washed the cells with PBS for three times and then fixed the cells. 

After three washes with ddH2O, fixed the cells with 4% paraformaldehyde 

for 15 min in dark flowed by staining using 0.5% crystal violet staining 

solution for 0.5 h. After three washes with ddH2O, the uninvaded cells were 

gently scraped with cotton swabs. The invaded cells on the lower side of the 

filter membrane were observed at approximately 40X and imaged using a 

brightfield microscopy. The number of invaded cells in six randomly fields 

were counted for statistics. 
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8.3 Results 

8.4.1 The level of PAR inversely regulated the phosphorylation of ezrin. 

The above results suggested that PARPi induced metastasis might be 

associated with ezrin. By down regulating the level of PAR with PARP1 

shRNA knock down and olaparib treatment, the phosphorylation of ezrin in 

143B and K7M2 cells was significantly elevated the phosphorylation level 

of ezrin without affecting the expression of ezrin, implying that the 

association of ezrin-PARP1 interaction with osteosarcoma metastasis (Fig. 

8-1a). By contrast, the boosting of PARylation by H2O2 stimulation or PARG 

inhibition both reduced the level of p-Ezrin, implying the inverse correlation 

between PARylation and phosphorylation of ezrin (Fig. 8-1b). 
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Figure 8-1. The level of PAR inversely regulated the phosphorylation of ezrin. (a) shPARP1 induced PARP1 knock 

down and PARP enzymatic inhibition with olaparib (10 μM) both increased ezrin phosphorylation without affecting the total 

ezrin. (b) The expression of PAR, p-Ezrin, ezrin, PARP1 were detected using according antibodies in OS cells treated with 

H2O2 or PARGi. The phosphorylation of ezrin is reversely related with the level of PAR.
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8.4.2 Olaparib promoted ezrin phosphorylation was independent on 

the phosphokinases. 

To further confirm the olaparib induced phosphorylation of ezrin was 

dependent on PARylation rather than its phosphorylation kinases, the 

expression of the kinases in cells treated with vehicle or olaparib was 

examined. There was no obvious difference in the protein level in cells treated 

with or without olaparib (Fig. 8-2).  
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Figure 8-2. Olaparib promoted ezrin phosphorylation was independent on the phosphokinases. Representative 

images of western blot analysis were shown for PAR, p-Ezrin, ezrin, ROCK 1, ROCK 2, PI3K, PKC, and β-actin in total cell 

extracts that were treated with DMSO or olaparib (10 μM). 
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8.4.3 The promotion of olaparib on migration and invasion depended 

on the phosphorylation of ezrin in vitro. 

To evaluate whether olaparib promoted migration depends on the 

phosphorylation of ezrin, we constructed two cell lines, ezrinKD+Mut and 

ezrinKD+WT cells using ezrinKD 143B-mCherry and performed wound healing 

assay in ezrinKD+Mut and ezrinKD+WT cells. In ezrinKD+Mut cells, olaparib had 

limited effect on the migration. While, olaparib could significantly enhance 

the migration in ezrinKD+WT cells (Figure 8-3a). Next, we used transwell 

assay to determine the invasive ability of ezrinKD+Mut cells and ezrinKD+WT 

cells treated with DMSO or olaparib. In consistence with the results obtained 

from the migration assay, olaparib could enhance ezrinKD+WT cells invasion 

but not ezrinKD+Mut cells (Figure 8-3b).  
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Figure 8-3. Olaparib promoted migration and invasion were dependent on the phosphorylation of ezrin in vitro. (a) 

The migration ability of ezrinKD+WT and ezrinKD+Mut cells treated with DMSO or olaparib (10 μM). (b) The invasion potential 

of ezrinKD+WT and ezrinKD+Mut cells after treatment was determined by Transwell assay. 
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8.5 Conclusion 

From all the data we have obtained in this chapter, we knew that the level 

of PAR inversely regulated the phosphorylation of ezrin, and olaparib 

induced down regulation of the phosphorylation of ezrin was dependent on 

the decreased PAR rather than through the phosphokinases. These results 

suggested that the PAR modification site on ezrin might be close or 

competitive to its phosphorylation site. Olaparib decreased the level of PAR 

leading to the up regulation of ezrin phosphorylation, resulting metastasis. 

Ezrin had been reported to be pivotal in metastasis, one of the signaling 

pathways is EMT. As we have uncovered before, the half-life of mRNA of 

Vimentin, Fibronectin, and MMP2 in the cytoplasm was extended after 

olaparib treatment. As published, PARP1 could regulate gene expression 

by stabilizing mRNA. And another report showed that moesin, another 

protein in the ERM family, was involved in RNA export. Hence, we 

hypothesized that there are two reasons accounting for the increased level 

of mRNA for Vimentin, Fibronectin, and MMP2 caused by olaparib, (1) 

PARP1 extends the half-life of mRNA in cytosol; (2) p-Ezrin promotes the 

nuclear mRNA export to the cytoplasm.  
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CHAPTER 9. PARPi could accumulate the localization of p-Ezrin in 

nucleus and promote RNA export. 
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9.1 Purpose of chapter 9 

There are three steps for RNA export and translation: (1) pre-mRNA is firstly 

transcribed in the nucleus and processed, packaged into messenger 

ribonucleoprotein (mRNP) complexes; During the processing and assembly 

of mRNPs, 5′ capping, splicing, 3′-end cleavage and polyadenylation have 

to be accomplished to finish the transcription to form mature mRNA. (2) 

mRNP complexes are translocated to the nuclear pore complexes (NPCs); 

(3) the mRNA complexes are directed to be released into the cytoplasm for 

translation. During the processing and assembly of mRNPs, there are four 

events which occur at processing: 5’-capping, splicing, 3’-end cleavage and 

polyadenylation. mRNA splicing factors store at nuclear speckles. Multiple 

studies have shown that most mRNA passes through nuclear spots before 

nuclear export. According to reports, nuclear localized moesin, one protein 

of the ERM family, could participate in mRNA export by interacting with the 

mRNA export factor PCID2 (Kristó, Bajusz et al. 2017). In this chapter, The 

aim is to illustrate whether nuclear speckle localized p-Ezrin is involved in 

mRNA export and olaparib promoted mRNA export is dependent on p-Ezrin. 

 

9.2 Design of experiments 

During the immunofluorescence experiment, we unexpectedly found that p-

Ezrin localized in the nucleus with a similar punctate shape like nuclear 

speckles, therefore, we first isolated the nuclear proteins and cytosol 

proteins and detected the expression of p-Ezrin using western blot analysis. 

Then we performed the co-localization of p-Ezrin and a nuclear speckle 

marker SC-35 using immunofluorescence assay. It is well known that 

nuclear speckle is involved in RNA export, and moesin, one of ERM family 

has been reported to be associated with mRNA export. Therefore, to 

evaluate whether ezrin is related to RNA export, we detect the RNA 

distribution in ezrinKD cells compared with ezrinWT cells. 
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In order to detect whether olaparib has an effect on the localization of p-

Ezrin in nucleus, we detected the expression of p-Ezrin in the nucleus 

isolated from DMSO or olaparib treated OS cells using western blot analysis. 

The result was further confirmed by immunofluorescence. Meanwhile, we 

extracted proteins in the nucleus and cytoplasm of OS cells treated with 

DMSO or olaparib and detected the expression of total ezrin, total p-Ezrin, 

nuclear p-Ezrin, and cytoplasmic p-Ezrin. To further examine the 

mechanism that upregulates the phosphorylation of ezrin, the expression of 

PAR, p-Ezrin, ezrin, and main ezrin related phosphokinases (ROCK1, 

ROCK2, PI3K, PKC) were determined by western blot analysis. To further 

evaluate whether olaparib increased p-Ezrin contributing to RNA export, we 

detected the distribution of RNA in OS cells treated with DMSO, olaparib in 

ezrinKD+WT and ezrinKD+Mut OS cells by immunofluorescence assay, 

respectively.  

 

9.3 Experimental methods 

9.3.1 Western blot analysis 

To show the subcellular distribution of ezrin, p-Ezrin in OS cells, proteins in 

the nucleus or cytoplasm of 143B cells were extracted by Qproteome Cell 

Compartment Kit (Qiagen, Cat No./ID: 37502). In brief, 5.0 x 106 143B cells 

were used and prepared in 1.5 mL microcentrifugation tube. After three 

washes with ice cold PBS, resuspended the pellet with 1 mL ice-cold 

Extraction Buffer CE1 supplied by the kit to incubate for 10 min at cold room 

on a rocking shaker. After incubation, centrifugated the sample at 4 °C with 

1,000 g for 10 min and removed the cytosol proteins to a new 

microcentrifugation tube. Resuspended the pellet with 1 mL ice-cold 

Extraction Buffer CE2 to incubate for 0.5 h at cold room on a rocking shaker. 

After incubation, centrifugated the sample at 4 °C with 6,000 g for 10 min and 

then removed the supernatant which contains membrane proteins to a fresh 
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microcentrifugation tube. To extract nuclear proteins, 7 μL Benzonase® 

Nuclease and 13 μL distilled water were firstly incubated with the cell pellet 

for 15 min at room temperature. Then 500 μL ice-cold Extraction Buffer CE3 

was added to incubate for another 10 min at cold room on a rocking shaker. 

Centrifugated the sample at 6,800 g for 10 min at 4 °C, then the supernatant 

which contains nuclear proteins was carefully removed to a fresh 

microcentrifugation tube. These proteins were separated by 10% SDS-PAGE 

gel and transferred into PVDF membrane for detecting. The signal 

development was acquired using enhanced chemiluminescence reagents. 

 

To evaluate whether olaparib treatment could influence the subcellular 

localization of p-Ezrin in OS cells, 143B cells were seeded 24 h in advance 

flowed by treating with DMSO or olaparib, respectively. After treatment, the 

nuclear proteins were exacted as above. And the p-Ezrin was detected. The 

expression level of the target proteins was quantified with Lamin B. 

 

To demonstrate olaparib up regulated mesenchymal markers was led by 

promoting the RNA export of mesenchymal markers to cytosol, which was 

dependent on p-Ezrin, we treated ezrinKD+WT and ezrinKD+Mut 143B cells with 

DMSO or olaparib, respectively. The proteins were extracted, and the 

protein level of fibronectin and vimentin were detected.  

 

9.3.2 Immunofluorescence staining of cultured cells 

To show the subcellular distribution of p-Ezrin and ezrin in 143B cells, 1.5 x 

105 143B cells were seeded in Nunc glass bottom dishes 24 h in advance. 

On day 2, fixed the cells using 4% PFA in dark for 15 min. After washing four 

times with PBS, permeabilized the cells with 0.5% Triton X-100 for 15 min. 

Then, blocking buffer which contains 1% BSA and 2% goat serum was 

added to each well and incubated for 1 h. After blocking, incubated primary 
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antibodies for ezrin, p-Ezrin and SC-35 at appropriate dilution concentration 

with the cells for 1 h, respectively. After four washes with PBS, fluorescent 

conjugated secondary antibodies were added and incubated for 1 h. The 

nuclei were counterstained using 1mg/mL Hoechst 33342  and visualized 

using a Leica confocal microscope (Di Cristofano, Leopizzi et al. 2010, Jin, 

Jin et al. 2012). 

 

To illustrate whether olaparib had an effect on the subcellular distribution of 

p-Ezrin, 143B cells were seeded in Nunc glass bottom dishes 24 h in 

advance flowed by DMSO or olaparib treatment. Fixed the treated cells 

using 4% PFA in dark for 15 min. After washing four times with PBS, 

permeabilized the cells with 0.5% Triton X-100 for 15 min. Then, blocking 

buffer which contains 1% BSA and 2% goat serum was added to each well 

and incubated for 1 h. After blocking, incubated primary antibodies for p-

Ezrin and PARP1 at appropriate dilution concentration with the cells for 1 h, 

respectively. After four washes with PBS, fluorescent conjugated secondary 

antibodies were added and incubated for 1 h. The nuclei were 

counterstained using 1 mg/mL Hoechst 33342 and visualized using a Leica 

confocal microscope (Di Cristofano, Leopizzi et al. 2010, Jin, Jin et al. 2012). 

 

9.3.3 RNA staining and confocal microscopy 

In order to evaluate whether p-Ezrin is associated with RNA export, we 

detected the RNA distribution in ezrinKD and ezrinWT cells. After fixation and 

permeabilization, the subcellular localization of RNA was shown by staining 

the cells with 1X Cell Navigator™ Live Cell RNA Imaging Kit *Green 

Fluorescence* (AAT Bioquest, Catalog Number: 22630) solution diluted with 

PBS for 0.5 h at room temperature. The fluorescence intensity of RNA-488 

was monitored by Leica confocal microscope. 
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To evaluate whether olaparib induced RNA export was dependent on p-

Ezrin, 143B cells were seeded in Nunc glass bottom dishes 24 h in advance 

flowed by DMSO, olaparib, EZRi or the combination of EZRi and olaparib 

treatment. After fixation and permeabilization, the subcellular localization of 

RNA was shown by staining the cells with 1X Cell Navigator™ Live Cell RNA 

Imaging Kit *Green Fluorescence* solution diluted with PBS for 0.5 h at 

room temperature. The fluorescence intensity of RNA-488 was monitored 

by Leica confocal microscope. 

 

9.4 Results 

9.4.1 p-Ezrin localized in nucleus speckle was associated with mRNA 

export. 

We isolated the nuclear proteins and cytoplasmic proteins in OS cells and 

detected the protein level of ezrin and p-Ezrin by western blot analysis. 

Consistently with our results from IP and immunofluorescence assay, we 

found that ezrin largely existed in the cytoplasm, while p-Ezrin mainly 

localized at the plasma membrane and there was a portion in the nucleus 

(Figure 9-1a). We found that the distribution of the nuclear localized p-Ezrin 

is similar to nuclear speckle (Figure 9-1b). Therefore, we performed an 

immunostaining fluorescence assay to detect the co-localization of ezrin, p-

Ezrin with a nuclear speckle marker SC-35, the results showed that p-Ezrin 

in the nucleus perfectly co-localized with SC-35 (Figure 9-1c). Nuclear 

speckles are involved in RNA biosynthesis, indicating that p-Ezrin might also 

play roles in RNA export. So, we knocked down the expression of ezrin, and 

stained the subcellular localization of RNA. We found that more RNA was 

accumulated in the nucleus in ezrin knock down cells compared to the 

control group (Figure 9-1d). 
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Figure 9-1. The nucleus speckle localized p-Ezrin was associated with mRNA export. (a) The protein level of ezrin 

and p-Ezrin in the nucleus or cytoplasm were exmined by western blot analysis. (b) Representative immunofluorescence 

images of the subcellular distribution of ezrin and p-Ezrin in OS cells using anti-ezrin and anti-p-Ezrin monoclonal 

antibodies by confocal microscopy. (c) The co-localization of ezrin/p-Ezrin with the nuclear speckle marker SC-35 was 

visualized by immunofluorescence with anti-ezrin, anti-p-Ezrin and anti-SC-35 antibodies. Nuclei was counterstained with 

DAPI (blue). (d) Representative confocal imaging of RNA subcellular localization in ezrinKD and ezrinWT OS cells. Scale bar 

= 50 μm. 
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9.4.2 Olaparib promoted the accumulation of p-Ezrin in nucleus. 

In order to investigate whether the olapairb treatment could upregulate the 

proportion of nucleus localized p-Ezrin, the proteins in the nucleus of OS cells 

treated with DMSO or olaparib were isolated and the level of p-Ezrin was 

evaluated by western blot analysis. We observed that the level of p-Ezrin in 

the nucleus was increased after olaparib treatment (Fig. 9-2a). We also 

extract the cell compartments of cells treated with olaparib or vehicle, and 

compared the expression level of ezrin, total p-Ezrin, nuclear p-Ezrin and 

cytoplasmic p-Ezrin. We observed that olaparib treatment dramatically 

increased the level of p-Ezrin in the nucleus and slightly increased the 

cytoplasmic p-Ezrin (Fig. 9-2b). In the immunofluorescence assay, the result 

showed clear localization of p-Ezrin in a punctate structure like nuclear 

speckles (Fig. 9-2c).  
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Figure 9-2. Olaparib promoted the accumulation of p-Ezrin in nucleus. (a) The expression of p-Ezrin, Lamin B and 

GAPDH in nucleus compartment of 143B cells treated with DMSO or olaparib (10 μM) were examined through western 

blot analysis. (b) The relative protein level of ezrin, total p-Ezrin, nuclear p-Ezrin and cytoplasmic p-Ezrin in olaparib treated 

cells compared to the DMSO group was calculated according to the western blot results. (c) The immunostaining of PARP1 

and p-Ezrin in OS cells treated with DMSO or olaparib. Nuclei was counterstained with DAPI (blue). Scale bar = 50 μm. 
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9.4.3 Olaparib could promote mRNA export dependent on p-Ezrin. 

The above data showed that p-Ezrin localized in the nuclear speckles is 

involved in RNA export and olaparib could promote the accumulation of p-

Ezrin in the nuclear speckles. Thus, to further figure out whether olaparib 

could induce the export of RNA and whether this process is dependent on p-

Ezrin, we treated ezrinKD+WT or ezrinKD+Mut OS cells with olaparib or DMSO 

and detected the distribution of RNA. We found that in ezrinKD+WT cells, after 

olaparib treatment, more RNA was exported to the cytoplasm, but there was 

no significant difference in ezrinKD+Mut cells (Fig. 9-3). 
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Figure 9-3. Olaparib promoted mRNA export was p-Ezrin dependent. Representative immunofluorescence images of 

RNA export in OS cells treated with DMSO or olaparib in ezrinKD+WT or ezrinKD+Mut OS cells. Scale bar = 50 μm.
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9.5 Conclusion. 

In this chapter, the data showed that olaparib upregulated the nuclear 

speckle localized p-Ezrin through decreasing the level of PAR not 

depending on the phosphokinases. In addition, olaparib had an effect on 

gene expression by inducing RNA export from the nucleus to the cytoplasm 

through upregulated the phosphorylation of ezrin.  
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CHAPTER 10. PARPi induced metastasis was related to EMT by 

promoting RNA export through p-Ezrin.  
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10.1 Purpose of chapter 10 
Epithelial–mesenchymal transition (EMT) is a molecular program closely 

associated with cancer metastasis. During EMT, cancer cells lose their cell-

cell adhesion properties and acquire invasive and migratory properties, 

which is presented by decreased expression of epithelial markers (e.g. E-

cadherin) and increased expression of mesenchymal markers (e.g. vimentin) 

(Williams, Gao et al. 2019). Though EMT mostly refers to cancers of 

epithelial origin, tumors of mesenchymal origin such as osteosarcoma are 

found also expressing epithelial markers and could undergo EMT process 

upon stimulations (Kahlert, Joseph et al. 2017, Sannino, Marchetto et al. 

2017). In this chapter, we aimed to evaluate whether olaparib induced 

metastasis is associated with EMT. 

 

10.2 Design of experiments 

According to the above results that olaparib treatment could increase the 

adhesion ability of OS cells and the cell shape changed during the treatment, 

we hypothesized that EMT might be involved in PARP inhibition induced 

metastasis. Therefore, we firstly conducted western blotting to examine the 

expression of EMT markers in protein level and RT-qPCR in mRNA level in 

143B and K7M2 cells upon olaparib inhibition. We found that olaparib 

decreased the expression of epithelial maker but increased the expression 

of mesenchymal markers in protein level. However, there was no difference 

in RNA level for mesenchymal marker genes in vehicle or olaparib treated 

cells. This contradiction suggested that the elevated mesenchymal marker 

proteins were translated from limited mRNA, which were possibly to be 

more stabilized or more efficiently exported from the nucleus. Hence, we 

detected the half-lives of EMT markers using RT-qPCR and found that the 

half-lives of EMT markers did not vary significantly between the vehicle and 

olaparib treated cells. But when we quantified the cytoplasmic mRNAs with 

RT-qPCR and found the markers mRNA in cytosol were increased after 

olaparib treatment. These data indicated that olaparib induced metastasis 
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was related to EMT by promoting RNA export. To further illustrate olaparib 

promoted mesenchymal marker mRNA export was dependent on p-Ezrin, 

we quantified the total mRNA and cytoplasmic mRNA of fibronectin and 

vimentin in ezrinKD+WT and ezrinKD+Mut cells by RT-qPCR and western 

blotting. 
 

10.3 Experimental methods 

10.3.1 Plasmid transfection 

Plasmids expressing wildtype ezrin or mutant ezrin on the T567 were 

purchased from Guangzhou RiboBio Co.,LTD. We prepared and transfected 

the plasmids in ezrinKD cells using  Lipofectamine™ 3000 Transfection 

Reagent (Thermo Fisher Scientific, Catalog number: L3000015) according 

to the manual protocol. In brief, 143B cells were seeded in a 6-well plate 

with complete medium and incubated 24 h. On the next day, when growing 

to 80% confluence, the culture medium of the 143B cells at logarithmic 

growth phase was removed and replenished with 1.75 mL fresh complete 

medium. Diluted the Lipofectamine® 3000 reagent, P3000™ reagent and 

DNA using Opti-MEM® Medium, respectively. Then incubated the diluted 

Lipofectamine® 3000 reagent and DNA for 15 min at room temperature. In 

the end, add the complex to the corresponding wells for 48 h.  
 

10.3.2 Western blot analysis 

To investigate whether PARP inhibitor induced metastasis was related to EMT, 

143B cells and K7M2 cells were treated with DMSO or olaparib, respectively. 

After four washes with ice-clod PBS, the adherent cells were digested by 

Accutase (Thermo Fisher Scientific, Catalog number: A1110501) at cell 

incubator for 3 min. After washing to remove the detachment solution, ice-

cold RIPA lysis buffer supplemented with 1X Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific, Product Code.10127963) was 

incubated with the cell pellet for 15 min on ice on a shaker. Centrifugated 
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the sample at 14,000 g for 15 min at 4 °C and transferred the supernatant 

to a fresh microcentrifuge tube and the cell pellet was discarded. The protein 

concentrations were determined by Pierce™ BCA Protein Assay Kit 

(Thermo Fisher Scientific, Catalog number: 23225), referred to the 

manufacture’s guidelines. Then 30 μg protein in each group were prepared 

using 5X SDS PAGE protein loading buffer (Beyotime, Catalog number: 

P0015) and denatured at 100 °C for 10 min. After centrifugation, loaded 

equal amounts of protein into the lanes of the 10% SDS-PAGE gel, 

respectively. In order to show the protein band, 10 μL of molecular weight 

marker was also loaded into an empty lane. After running for 1.5 h at 110 V 

in running buffer, the PVDF membranes (Millipore) was activated by 

incubating with methanol for 1 min before using. Then the proteins in the 

SDS-PAGE gel were transferred to the activated PVDF membrane through 

running in the transferring buffer for another 1.5 h at 300 mA in an ice box. 

After transferring, based on the protein marker the protein bands were cut 

flowed by washing with TBS-T (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 

0.5% Tween 20). Then the protein bands were blocked using 5% milk or 5% 

BSA for 1h at room temperature. Then incubated the membranes with 

suitable dilutions of primary antibodies in blocking buffer for overnight. After 

washing with TBS-T for three times, 15 min for each time, the protein bands 

were incubated with the recommended dilution of horseradish peroxidase 

(HRP)-labeled secondary antibodies based on the host species of primary 

antibodies at room temperature for 1.5 h. At last, enhanced 

chemiluminescence (ECL) Western Blotting Substrate (Thermo Scientific™ 

Pierce™, Product Code.10590624) was used for visualizing the expression 

of the target proteins. The expression level of E-cadherin, vimentin, 

fibronectin and MMP-2 were quantified and normalized to corresponding 

loading control protein (Zhang, Sheng et al. 2009). 
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To demonstrate olaparib promoted mRNA export was dependent on p-Ezrin, 

we transfected ezrinKD cells with plasmids expressing wildtype ezrin or 

mutant ezrin on the phosphorylation site to construct ezrinKD+WT and 

ezrinKD+Mut 143B cells. Then we treated the cells with vehicle or olaparib and 

detected the expression of fibronectin and vimentin. 

 

The flowing primary antibodies were used: anti-β-actin monoclonal antibody 

(Abcam, mAbcam 8226), anti-MMP2 antibody (Abcam, ab97779), 

fibronectin polyclonal antibody (Proteintech, 15613-1-AP), E-cadherin 

polyclonal antibody (Proteintech, 20874-1-AP), and vimentin polyclonal 

antibody (Proteintech, 10366-1-AP). 
 

10.3.3 Real-time quantitative PCR analysis (RT-qPCR) 

10.3.3.1 RNA extraction 

To evaluate whether PARP inhibitor induced metastasis was related to EMT, 

143B cells and K7M2 cells were seeded 24 h in advance flowed by treating 

with DMSO or olaparib, respectively. mRNA level of EMT markers was 

measured through RT-qPCR (Zhang, Guo et al. 2012). For further detecting 

olaparib could induce RNA export from the nucleus to the cytoplasm of 

mesenchymal markers, we isolated RNA in the whole cell or the cytoplasm 

and quantify the RNA level of vimentin and fibronectin in olaparib treated 

cells compared with vehicle using RT-qPCR (Wang, Zhu et al. 2006). In brief, 

to remove dead cells, OS cells were washed twice using ice-cold PBS after 

treatment. 1 mL TRIzol reagent (Invitrogen, Life Technologies) was added 

to each well to incubate for 5 min, resulting in the complete dissociation of 

nucleoprotein complexes. Then transferred the cell lysis into new 1.5 mL 

microcentrifugation tubes. Then discarded the top layer of excess lipid and 

carefully transferred the RNA to a fresh tube. Then added 200 μL of 

chloroform and mixed the tubes vigorously by hand for 15 sec and incubated 

for another 3 min. After centrifugation at 12,000 g for 15 min at 4 °C, 
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collected the colorless upper aqueous phase that contains RNA to new 

tubes. Then added an equal volume of 70% isopropanol to each tube, gently 

mixed well and stored at -20 °C for 0.5 h. After incubation, centrifugated the 

samples at 4 °C for 20 min, then added 1 mL of 75% ethanol to the tubes 

and gently mixed well. Then centrifugated the samples at 4 °C for 10 min, 

discarded the supernatant and dried the RNA at room temperature. Then 

resolved the RNA with RNAase free water. RNA in cytosol or nucleus was 

isolated using Cytoplasmic and Nuclear RNA Purification Kit. The 

concentration of isolated RNA was determined with Thermo Scientific 

NanoDrop spectrophotometers. 
 
10.3.3.2 Reverse transcription 

We conducted the reverse transcription via the High-Capacity RNA-to-

cDNA™ Kit (Applied Biosystems, Catalog Number: 4388950), according to 

the user guide. We prepared the RT reaction mix by adding 1 μg template 

RNA ,10 μL 2X RT buffer and 1 μL 20X RT Enzyme Mix. Nuclease-free water 

was added up to 20 μL for each well. Then aliquoted 20 μL of RT reaction 

mix into RT-qPCR plates. After sealing the plates, centrifuged the plates 

gently to remove bubbles. The Applied Biosystems® Veriti® 96-Well 

Thermal Cycler was used and set as follows: 37 °C for 1 h, 95 °C for 5 min, 

and 4 °C forever. The cDNA products could be stored at - 80 °C for later 

experiments.  
 
10.3.3.3 RT-qPCR 

In our study, we used SYBR® Select Master Mix (Thermo Fisher Scientific, 

Catalog Number: 4472908) to prepare the PCR reaction mix, according to 

the user guide. Four replicates of each reaction were performed to get the 

best accurate result. Briefly, prepared the appropriate number of reactions 

firstly. Then aliquoted 20 μL of the PCR mix to each well of the RT-qPCR 

plates. After sealing the plates, centrifuged at 1,000 rpm to spin down the 
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sample to the bottom of the tubes and eliminate any air bubbles. ABI 7500 

thermal cycler (Applied Biosystems) was used and the application process 

sets as flows: 1 min at 94 °C for one cycle, followed by 42 cycles for 30 sec 

for 94 °C, 30 sec for 60 °C and 1 min for 72 °C. All employed primer 

sequences in this work were summarized in Table 3. The fluorescence 

signal of SYBR was converted into numerical values by SDS 2.1 software. 

And the relative expression levels of mRNA of the target genes were 

normalized to the internal control (Yao, Weng et al. 2015). 
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Table 3. Primer sequences used in RT-qPCR. 
 

 

10.3.4 Stability of mRNA 

To understand the effect of olaparib on mRNA stability, 143B cells were 

seeded 24 h in advance flowed by treating with DMSO or olaparib, 

respectively. At the end of treatment, transcription inhibitor Act D was added 

to the medium and incubated for 0, 1, 2, 3 and 4 h, respectively. The 

remaining RNA of E-cadherin, vimentin, fibronectin and MMP2 was 

measured using RT-qPCR as described above.  
 

10.4 Results 

10.4.1 Olaparib treatment affected the morphology of OS cells. 

During the experiment, we observed that olaparib treatment had an effect 

on the morphology of OS cells. Thus, we captured the pictures of cells 

treated with DMSO, or olaparib. We observed that OS cell morphology 

changed from epithelial polygon to elongated spindle-like shape after 

olaparib treatment (Figure 10-1).

Gene Forward primer Reverse primer 
E-cadherin 5’-CAGCACGTACACAGCCCTAA-3’ 5’-ACCTGAGGCTTTGGATTCCT-3’ 
Fibronectin 5’-CCGTGGGCAACTCTGTC-3’ 5’-TGCGGCAGTTGTCACAG-3’ 
Vimentin 5′-CCTGCAATCTTTCAGACAGG-3′ 5′-CTCCTGGATTTCCTCTTCGT-3′ 
MMP2 5′-GTCTTCCCCTTCACTTTTCTG-3’ 5′-CGGAAGTTCTTGGTGTAGGTG-3’ 
b-actin 5’-TCCCTGGAGAAGAGCTACGA-3’ 5’-AGCACTGTGTTGGCGTACAG-3’ 
GAPDH 5′-CATGACCACAGTCCATGCCAT-3′ 5′-AAGGCCATGCCAGTGAGCTTC-3′ 
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Figure 10-1. Olaparib induced the morphological change of OS cells. Phase-contrast images showing the EMT 

morphology change of DMSO and olaparib (10 μM) treated OS cells. OS cell morphology changed from epithelial polygon 

(left) to elongated spindle-like shape (right). 

 

DMSO Olaparib 

K7M2 

143B 
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10.4.2 Olaparib affected the protein expression of EMT related markers 
in OS cells. 

EMT is a complex molecular process that cancer cells lose cell-cell junctions 

and adhesion activity to gain enhanced invasive and migratory properties. 

Cancer types of mesenchymal origin such as osteosarcoma also express 

epithelial markers and could undergo EMT like process upon stimulations. 

Morphological alterations appeared in both cell lines after olaparib treatment, 

and treated cells adopted a mesenchymal-like cell morphology with an 

elongated shape and decreased cell-cell adhesion compared to untreated 

cells. To investigate if PARP inhibition affected EMT in OS cells, we 

evaluated the protein level of EMT markers in 143B and K7M2 cells upon 

olaparib inhibition. We found that the olaparib treatment down regulated the 

level of E-cadherin (the epithelial marker) but upregulated the protein level 

of vimentin, fibronectin and MMP-2 (the mesenchymal markers) in 143B and 

K7M2 cells (Fig. 10-2a), indicating that EMT is induced by PARP inhibition. 
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Figure 10-2. Olaparib affected the protein expression of EMT related markers in OS cells. Representative images of 

western blotting analysis. 143B and K7M2 cells were treated with DMSO or olaparib (10 μM) and the expression of E-

cadherin, Fibronectin, Vimentin, and MMP2 were evaluated.  

143B K7M2 
DMSO Olaparib DMSO Olaparib 

E-cadherin 

Fibronectin 

Vimentin 

MMP-2 

β-actin 
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10.4.3 Olaparib affected the mRNA level of EMT related markers in 

OS cells. 

The above western blot analysis revealed that olaparib treatment 

downregulates E-cadherin and upregulates vimentin, fibronectin and MMP-

2 in both OS cell lines, suggesting that EMT is induced by PARP inhibition. 

Therefore, we further detected the mRNA level of these proteins using RT-

qPCR. The sequences of primers for EMT markers in RT-qPCR assays are 

shown in Table 3. The RT-qPCR data showed that olaparib treatment 

decreased the mRNA level of E-cadherin (Fig. 10-3). In contrast, the mRNA 

level of mesenchymal genes (Vimentin, Fibronectin and MMP-2) was 

comparable in the two groups (Fig. 10-3). In theory, the mRNA level 

regulates the expression of proteins. But now, for the higher expressed 

Vimentin, Fibronectin and MMP-2 in olaparib treated cells showed 

comparable mRNA level with that in the vehicle group. Given that PARP1 is 

involved in regulating gene expression by mediating mRNA metabolism (Ke, 

Zhang et al. 2019), we speculated that olaparib might stabilize the mRNA of 

Vimentin, Fibronectin and MMP-2 in the cytoplasm, where they are 

translated into proteins. 
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Figure 10-3. Olaparib affected the mRNA level of EMT related markers in OS cells. RT-qPCR analysis of mRNA 

expression of EMT markers in DMSO or olaparib (10 μM) treated143B and K7M2 cells. The relative mRNA level of E-

cadherin was decreased in olaparib treated group. While, no significant difference of the mRNA level of fibronectin, vimentin 

and MMP2 between the olaparib group and control group. 
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10.4.4 Olaparib promoted the mRNA export of EMT related markers. 

The above data showed that olaparib treatment increased the expression 

of mesenchymal markers without affecting the transcriptional level. This 

contradiction suggests that the elevated mesenchymal marker proteins in 

olaparib treated OS cells were translated from limited mRNA transcripts, 

which were possibly to be more stabilized or more efficiently exported from 

the nucleus.  

 

To illustrate the mechanism of higher protein level without higher mRNA 

level for mesenchymal markers, we firstly examined the mRNA half-time of 

the EMT markers in 143B cells with or without olaparib treatment by using 

Act D to inhibit transcription. The half-time of four mRNAs did not vary 

significantly with or without olaparib treatment (Fig. 10-4a). However, we 

isolated the RNA in the cytoplasm and analyzed the mRNA level of E-

cadherin, Vimentin, Fibronectin and MMP-2 by q-PCR. The results showed 

that the mRNA level of E-cadherin was decreased in olaparib treated cells 

but the mRNA level of Vimentin, Fibronectin and MMP-2 in the cytoplasm 

was significantly increased (Fig. 10-4b). These suggest that the mRNA of 

those mesenchymal markers could be more efficiently exported from 

nucleus to cytosol via an olaparib-triggered mechanism, so that an elevated 

amount of protein translation for those genes could be achieved even when 

both half-time and the number of templates of those mRNAs were basically 

unchanged. 
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Figure 10-4. Olaparib promoted the mRNA export of EMT related markers. (a) 143B cells were treated with olaparib 

(10 μM) and then subjected to transcriptional inhibition for different lengths of time (as indicated). q-PCR was performed to 

determine the half-lives of EMT markers. (b) The RNA in the cytoplasm was extracted and analyzed by q-PCR. 

a 

b 
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10.4.4 Olaparib promoted the mRNA export of EMT related markers 

through p-Ezrin. 

As we have mentioned before, olaparib could affect the expression of 

mesenchymal markers without decreasing the total RNA. To further 

evaluate whether olaparib induced high expression of mesenchymal 

markers was due to the increased amount of RNA, we treated ezrinKD+WT 

and ezrinKD+Mut OS cells with DMSO or vehicle, respectively, and firstly 

detected the expression of vimentin and fibronectin at protein level. Then 

we also analyzed the total RNA level and cytoplasmic RNA level of vimentin 

and fibronectin. We found that olaparib could increase the protein 

expression of vimentin and fibronectin in ezrinKD+WT cells instead of the 

ezrinKD+Mut OS cells (Fig. 10-5a). The total RNA levels of vimentin and 

fibronectin in ezrinKD+WT and ezrinKD+Mut OS cells treated with DMSO or 

olaparib were comparable. However, in ezrinKD+WT cells, the cytoplasmic 

RNA level of vimentin and fibronectin was increased after olaparib treatment 

(Fig. 10-5b, c). 
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Figure 10-5. Olaparib promoted the mRNA export of EMT related markers through p-Ezrin. (a) The whole proteins in 

ezrinKD+WT and ezrinKD+Mut OS cells treated with DMSO or olaparib (10 μM) were extracted and analyzed using western blot 

analysis. (b) After treated with DMSO or olaparib, the level of fibronectin RNA in the total cells or cytoplasm was quantified 

by RT-qPCR. (c) After treated with DMSO or olaparib, the level of vimentin RNA in the total cells or cytoplasm was quantified 

by RT-qPCR. 
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10.5 Conclusion 

So far, we could conclude that olaparib induced metastasis was related to 

EMT. So next we focused on illustrating the detailed metastatic mechanism. 

So far, we had basically interpreted the mechanism of olaparib contributed 

metastasis. In brief, PARP1 interacted with ezrin, when olaparib decreased 

PARP1 to synthesize PAR, the decreased level of PAR led to the 

dePARylation of ezrin which promoted its phosphorylation. Most increased 

p-Ezrin was localized in the nuclear speckles which was involved in RNA 

metabolism. The nuclear speckles localized p-Ezrin promoteed the export 

of RNA of EMT markers from nucleus to the cytoplasm where they were 

translated into proteins, finally enhancing EMT. Therefore, we hypothesized 

that inhibit the phosphorylation of ezrin with small molecular inhibitors might 

could block olaparib induced metastasis. And this combination of therapy 

was of high therapeutic potential. 
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CHAPTER 11. The effect of the combination of PARP inhibitor and 

ezrin inhibitor on the proliferative, migratory and invasive abilities of 

OS cells in vitro. 
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11.1 Purpose of chapter 11 

To characterize the activity of olaparib combined with ezrin inhibitor 

NSC668394 on the proliferation, migration and invasion of OS cells in vitro. 

 

11.2 Design of experiments 

All the above data suggested that the PARPi induced OS metastasis could 

be related to ezrin-associated signaling pathways. Therefore, we 

hypothesized that inhibit the activation of ezrin might could effectively 

reduce OS progression and metastasis. We firstly determined the IC50 of 

ezrin inhibitor in OS cells and then evaluated the anti-proliferative, migratory 

and invasive abilities of ezrin inhibitor, PARP inhibitor, ezrin inhibitor 

combined with PARP inhibitor in OS cells by using according experiments 

as mentioned above. 

 

11.3 Experimental methods 

11.3.1 Cell viability assay 

In order to determine the IC50 for ezrin inhibitors in OS cells, Cell Counting 

Kit-8 was conducted according to the user guide (Yamaguchi, Du et al. 2018, 

Zhao, Zhang et al. 2019). Briefly, OS cells were seeded and maintained in 

96-well plates with 3.0 × 103 cells and 200 μL medium each well 24 h in 

advance. On day 2, gradient concentration of indicated drugs or vehicle was 

added to each well to incubate for 24 h, 48 h or 72 h, respectively. After 

treatment, changed the medium with new complete medium supplemented 

with 10% CCK-8 solution, 100 μL for each well. After incubation for 3 h at 

cell incubator, the results were expressed based on the OD value at 450 nm 

measured using an enzyme immunoassay analyzer. The medium without 

cells was used a blank control. Three replicates of each concentration were 

performed to get the best accurate result. 
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11.3.2 Colony formation assay 

To evaluate the effect of EZRi or EZRi combined with olaparib on the 

proliferative ability in OS cells, colony formation assay was performed. 

1,000 cells 143B cells were seeded and maintained in 6-well plates (1,000 

cells each well) in according complete medium for overnight. Replaced the 

medium with conditional complete medium supplemented with DMSO, 

PARP inhibitor, EZRi, PARP inhibitor and EZRi, respectively. The cells were 

treated for 10 days and medium were changed every two days during the 

treatment. After treatment, cells washed and fixed flowed by 0.5% crystal 

violet staining. At last, the whole wells were photographed.  

 

11.3.3 Wound healing assay 

To evaluate whether ezrin inhibitor could rescue olaparib induced 

metastasis in vitro, 143B cells were firstly seeded and cultivated in 6-well 

plates 24 h in advance followed by treatment with DMSO, ezrin inhibitor, 

olaparib, ezrin inhibitor and olaparib, respectively. Then the drug treated 

cells were prepared in sing cell suspensions and seeded in six-well plates 

for overnight until a confluent monolayer of cells formed. Uniform wounds 

were carefully made by scraping the cell plates in a "#" glyph with a 10 μL 

pipette tip. PBS was used to wash off the floating cells, new complete culture 

medium was added. The images captured at 10X magnification by an 

inverted microscope at this time was defined 0 h as the baseline. Then 

incubated the cells at incubator for another 10 h and flowed by photograph. 

The scratch area at 0 h was set to 100%. The migration rate was analyzed 

using ImageJ software (Grada, Otero-Vinas et al. 2017). 

 

11.3.4 Invasion assay 

To evaluate whether ezrin inhibitor could rescue olaparib induced 

metastasis in vitro, 143B cells were seeded 24 h in advance flowed by 
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treating with DMSO or olaparib, ezrin inhibitor, the combination of ezrin 

inhibitor and olaparib, respectively. Then the drug treated cells were 

prepared in sing cell suspensions containing 5.0 × 105 cells/mL in medium 

without serum but supplemented with DMSO or PARP inhibitors. The 

invasive ability of treated cells was performed by 24-Multiwell Insert System 

(8.0 μm PET membrane, Corning, Product Number: 354480). 800 µL full 

medium was firstly added into the wells and then put in the inserts. 200 µL 

of cell suspensions were transferred into the upper chambers and incubated 

for 10 h at cell incubator. Ten hours later, removed the inserts into new 24-

well plates and washed the cells with PBS for three times and then fixed the 

cells. After three washes with ddH2O, fixed the cells with 4% 

paraformaldehyde for 15 min in dark flowed by staining using 0.5% crystal 

violet staining solution for 0.5 h. After three washes with ddH2O, the 

uninvaded cells were gently scraped with cotton swabs. The invaded cells 

on the lower side of the filter membrane were observed at approximately 

40X and imaged using a brightfield microscopy. The number of invaded cells 

in six randomly fields were counted for statistics. 

 

11.4 Results 
11.4.1 Ezrin inhibitor hindered the proliferation of OS cells in vitro. 

The phosphorylation at C-terminal converts dormant ezrin into active ezrin. 

The phosphorylation of ezrin causes the dissociation of the intracellular 

interaction between head and tail. Then the dissociated N-terminal FERM 

domain could bind to NHERP protein and C-terminal tail domain interacts 

with F-actin, leading to the cell movement. These evidences suggested that 

the PAR modification site on ezrin might be close or compatible to its 

phosphorylation site and the down regulated level of PAR induced by 

olaparib increased the phosphorylation of ezrin, resulting in lung metastasis. 

The ezrin inhibitor NSC668394 that has been commercial was selected in 

our study (Fig. 11-1a). To investigate the activity of ezrin inhibitor, we first 
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determined the IC 50 of the ezrin inhibitor in 143B cells by using CCK-8 

assay. Thus, we selected 12.5 μM for 143B and treated for 12 h for all the 

in vitro experiments (Fig. 11-1b). Then, we verified the inhibition ability on 

ezrin activation of ezrin inhibitor in 143B cells by western blot analysis (Fig. 

11-1c). And then we performed colony formation assay to evaluate the 

proliferative ability in OS cells after according treatments. The combination 

on olaparib and ezrin inhibitor could dramatically inhibit cell proliferation 

compared with ezrin inhibitor only (Fig. 11-1d).   
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Figure 11-1. The combination of olaparib with ezrin inhibitor hindered the proliferation of OS cells in vitro. (a) 
Chemical structure of ezrin inhibitor. (b) The IC50 values for ezrin inhibitor in 143B cell (12.5 μM). (c) Western blot analysis 

of ezrin inhibitor treatment could inhibit the activation of ezrin. (d) The proliferation of 143B cells treated with DMSO, ezrin 

inhibitor, PARP inhibitor, ezrin inhibitor and PARP inhibitor was determined by colony formation assay. 
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11.4.2 Ezrin inhibitor inhibited the migratory property of OS cells in 

vitro. 

We also evaluated the migration ability of OS cells treated with vehicle, ezrin 

inhibitor (EZRi), PARPi, the combination of EZRi and PARPi, respectively. 

We observed that olaparib induced migration and invasion could be 

effectively reduced by EZRi (Fig. 11-2). 
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Figure 11-2. The combination of olaparib with ezrin inhibitor inhibited the migratory property of OS cells in vitro. 

Representative images from wound healing assay (143B cell line) treated DMSO, ezrin inhibitor (12.5 μM), PARP inhibitor 

(10 μM), or the combination of ezrin inhibitor and PARP inhibitor showed that ezrin inhibition could rescue olaparib induced 

migration. Scale bars, 300 μm. 
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11.4.3 Ezrin inhibitor inhibited the invasive property of OS cells in vitro. 

We also evaluated the invasive ability of OS cells treated with vehicle, ezrin 

inhibitor (EZRi), PARPi, the combination of EZRi and PARPi, respectively. 

We observed that olaparib induced migration and invasion could be 

effectively reduced by EZRi (Fig. 11-3).  
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Figure 11-3. The combination of olaparib with ezrin inhibitor inhibited the invasive property of OS cells in vitro. 
Representative images from transwell assay of OS cells treated with or without ezrin inhibitor (12.5 μM), PARP inhibitor 

(10 μM), or the combination of ezrin inhibitor and PARP inhibitor showed that ezrin inhibition could rescue olaparib induced 

invasion. Scale bars, 100 μm.
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11.5 Conclusion 

All the results suggested that ezrin inhibitor could dramatically suppress the 

ability of proliferation, migration and invasion in OS cells, especially 

counteract olaparib enhanced migration ability. Therefore, the combination 

of olaparib and ezrin inhibitor might be a substantial therapeutic option for 

treating OS. In the next chapter, we focused on the activity of the 

combination of olaparib and ezrin inhibitor in vivo in OS tumor bearing 

mouse model. 
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CHAPTER 12. The effect of the combination of olaparib and ezrin 

inhibitor on tumor growth and lung metastasis in an orthotopic 

xenograft OS mouse model. 
  



155 
 

12.1 Purpose of chapter 12 

To evaluate whether the anti-cancer activity of the combination of ezrin 

inhibitor and PARP inhibitor in vivo in NOD/SCID tumor bearing mouse 

model. 

 

12.2 Design of experiments 

To determine the combination of ezrin inhibitor and olaparib could inhibit 

orthotopic tumor growth in NOD/SCID tumor bearing mouse model which 

were established using the same method as above. Tumor bearing mice 

were administrated with vehicle, ezrin inhibitor NSC668394, olaparib, the 

combination of olaparib and ezrin inhibitor NSC668394, respectively. After 

administration, the mice were killed with carbon dioxide. Orthotopic tumors 

were isolated and photographed using IVIS® Lumina XR imaging system. 

Tumor weight was measured. The number of lung metastatic nodules were 

counted. The micro-metastatic cells in the blood and lung tissue were 

detected using flow cytometry. For NOD/SCID gamma mice, due to 143B 

cells were modified with mCherry, the mCherry fluorescence in lung 

sections were also detected using confocal microscopy and photographed 

by IVIS® Lumina XR imaging system.  

 

12.3 Experimental methods 

12.3.1 Treatment of mice 

To evaluate whether EZRi could rescue olaparib induced lung metastasis in 

vivo, the same two mouse models were used. After inoculation for three 

weeks, equal number of mice were treated with vehicle, olaparib, EZRi, 

olaparib combined with EZRi, respectively. Five weeks later, 15 mice of each 

group were deeply anaesthetized. Then the tumor volume, tumor weight, 

the number of CTCs in the circulating system, the visible lung metastatic 
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nodules events, and the percentage of mCh+ cells in lung tissue were 

evaluated using the method as described above.  

 

12.3.2 Biophotonic imaging analysis 

To evaluate the anti-tumor ability of olaparib in NOD/SCID tumor bearing 

mouse model, 143B-mCherry cells were orthotopic inoculated into 

NOD/SCID mice and allowed for grow for another three weeks. Then equal 

number of mice were intragastric administrated with vehicle, olaparib, ezrin 

inhibitor, olaparib combined with ezrin inhibitor for five weeks, respectively. 

Animals were sacrificed after treatment, and tumor tissues and lung tissues 

were isolated. Due to 143B cells was modified with mCherry modification, 

therefore, the tumor tissues and lung tissues could be detected the signal 

of mCherry using an IVIS® Lumina XR imaging system according to our 

previous published work (Liang, Li et al. 2017). 
 

12.3.3 Immunofluorescence staining of lung sections 

In order to demonstrate the pro-metastatic function of olaparib in NOD/SCID 

gamma mice, the lung tissues from treated mice were isolated for preparing 

cryo-sections. In brief, lung tissues were fixed using 4% paraformaldehyde 

at least for 48 h on a rocking shaker, followed by equilibration in gradient 

concentrations of sucrose solution (15%, 20%, 30%) for 24 h, respectively. 

After equilibration, the tissues were embedded using optimal cutting 

temperature (O.C.T) compound (Sakura Finetek USA, Catalog Number: 

4583) and liquid nitrogen. These tissue blocks could be stored at -80 °C. 

Then 5 μm sections were prepared and the nuclei were counterstained 

using 1mg/mL Hoechst 33342. The fluorescence intensity of mCherry was 

examined under a Leica confocal microscope.  

 

12.3.4 Quantification of circulating cancer cells in blood via flow 

cytometry sorting 
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In order to quantify the percentage of the circulating cancer cells in the blood 

obtained from NOD/SCID mice treated with vehicle, olaparib, ezrin inhibitor, 

olaparib combined with ezrin inhibitor, fresh whole blood was taken from 

hearts of deeply anaesthetized mice by cardiac puncture. In brief, to 

minimize hair flying around, 70% ethanol solution was used to wet down 

and disinfect the fur. 21-gauge needles, 1 mL syringes and blood collection 

microtubes were recoated with fresh 0.5 % w/v heparin for anticoagulation. 

250 μL whole blood sample in each group was used and red blood cells 

were lysed by RBC Lysis Buffer (Biolegend, Catalog number: 420301) 

according to the user manual. mCherry positive cancer cells in each group 

were sorted via a FACS Aria Ⅲ  apparatus (BD Biosciences) (Allan, 

Vantyghem et al. 2005, Bankó, Lee et al. 2019). 

 

12.3.5 Pulmonary metastasis analysis 

To analyze the lung metastasis in NOD/SCID gamma mice after treatment, 

the visible nodules in the lung were counted. To show the micro-metastatic 

cells, the lung tissues were used for preparing 5-μm-thick sections and 

counterstained with DAPI. The mCherry and DAPI fluorescence were 

measured by confocal imaging. The visible nodules on lung tissues were 

also counted. 

 

12.4 Results 

12.4.1 The combination of olaparib with an ezrin inhibitor NSC668394 

(EZRi) could inhibit tumor growth in an immunocompromised OS 

mouse model (NOD/SCID with 143B). 

143B-mCherry cells established mouse model described above were used to 

testify the effects of ezrin inhibitor on tumorigenesis, after treatment with 

vehicle, olaparib, ezrin inhibitor, olaparib and ezrin inhibitor, the tumors were 

isolated and represented images of 143B-SCID mice were shown (Fig. 12-
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1a). Ezrin inhibitor combined with olaparib could significantly inhibit the 

growth of primary tumors in NOD/SCID mice (Fig. 12-1b).
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Figure 12-1. The combination of olaparib with an ezrin inhibitor NSC668394 (EZRi) inhibited tumor growth in an 

immunocompromised OS mouse model. (a) Representative biophonic images of OS tumor in 143B-mCherry inoculated 

NOD/SCID mice treated with vehicle, olaparib, EZRi or the combination of olaparib and EZRi. (b) Weight of orthotopic 

143B-mCherry tumors in 143B-mCherry inoculated NOD/SCID mice treated with vehicle, olaparib, EZRi or the combination 

of olaparib and EZRi (n = 15 mice per group). 

b a Olaparib+EZRi Vehicle Olaparib EZRi 
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12.4.2 Ezrin inhibitor could rescue PARP inhibitor induced lung 

metastasis in an immunocompromised OS mouse model (NOD/SCID 

with 143B). 

NOD/SCID mouse model described above were also used to investigate the 

function of ezrin on tumorigenesis and pulmonary metastasis, after the 

treatment of vehicle, olaparib, EZRi, olaparib combined with EZRi, the visible 

lung metastasis and fluorescent micro-metastasis in lung sections were 

analyzed and represented images of 143B-SCID mice were shown (Fig. 12-

2a). In particular, ezrin inhibition could dramatically decreased lung 

metastases, including decreased the incidence (Fig. 12-2b, c), lower 

percentage of micro-metastatic cells in lung tissues (Fig. 12-2d), as well as 

less CTCs in blood (Fig. 12-2e) compared with other groups. 
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Figure 12-2. The combination of olaparib with ezrin inhibitor rescued olaparib induced OS lung metastasis in an 

immunocompromised OS mouse model. (a) Representative biophonic images of lung metastasis. (b) Number of 

metastatic 143B-mCherry nodules visible in lung in 143B-mCherry inoculated SCID mice with each treatment. (c) 

Representative images of mCherry fluorescence of micro-metastasis in lung sections in 143B-mCherry inoculated 

NOD/SCID mice treated with vehicle, olaparib, EZRi or the combination of olaparib and EZRi. Scale bar = 100 μm. (d) 

Percentage of mCherry+ cells in lung of 143B-mCherry inoculated SCID mice with each treatment analyzed by flow 

cytometry (n = 15 mice per group). (e) Number of 143B-mCherry CTCs in blood of 143B-mCherry inoculated SCID mice 

with each treatment analyzed by flow cytometry (n = 15 mice per group).
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12.5 Conclusion 

All the data we have obtained in this chapter showed that the combination 

of olaparib and EZRi could both inhibit primary tumor growth and decrease 

lung metastasis. Therefore, we could summarize that ezrin inhibitor could 

counteract olaparib induced lung metastasis in NOD/SCID tumor bearing 

mouse model.  
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CHAPTER 13. The effect of the combination of olaparib and ezrin 

inhibitor on tumor growth and lung metastasis in an orthotopic 

allograft OS mouse model. 
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13.1 Purpose of chapter 13 

To verify the activity of the combination of ezrin inhibitor and PARP inhibitor 

in vivo in an immune-competent BALB/c tumor bearing mouse model. 

 

13.2 Design of experiments 

To determine the combination of ezrin inhibitor and olaparib could inhibit 

orthotopic tumor growth in BALB/c tumor bearing mouse model which were 

established using the same method as above. Tumor bearing mice were 

administrated with vehicle, ezrin inhibitor NSC668394, olaparib, the 

combination of olaparib and ezrin inhibitor NSC668394, respectively. After 

administration, the mice were killed with carbon dioxide. Orthotopic tumors 

were isolated and photographed using X-Ray. Tumor weight was measured. 

The number of lung metastatic nodules were counted. The micro-metastatic 

cells in the blood and lung tissue were detected using flow cytometry. The 

lung tissues isolated from BALB/c mice were also used for 

hematoxylin/eosin (H&E) staining. 
 

13.3 Experimental methods 

13.3.1 Treatment of mice 

To evaluate whether EZRi could rescue olaparib induced lung metastasis in 

vivo in BALB/c tumor bearing mouse model, the mouse model was 

established as before. After inoculation for three weeks, equal number of 

mice were treated with vehicle, olaparib, EZRi, olaparib combined with EZRi, 

respectively. Five weeks later, 15 mice of each group were deeply 

anaesthetized. Then the tumor weight, the visible lung metastatic nodules 

counts were evaluated using the method as described above. 

Hematoxylin/eosin staining was also used to show the severity of lung 

metastasis. 
 

13.3.2 X-Ray analysis 
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To evaluate whether olaparib was effective for OS tumor bearing mice, 

K7M2 cells were orthotopic inoculated into BALB/c mice and allowed to 

grow for another three weeks. Then the tumor bearing mice were dividedly 

into two groups for intragastric administration with vehicle or olaparib for five 

weeks, respectively. After treatment, the mice were anesthetized and digital 

radiography of the tumor bearing mice were made using a Faxitron MX-20 

X-Ray equipment each week. The tumor size was calculated according to 

the formula: volume = (width)2 x length/2. 
 

13.3.3 Hematoxylin/eosin staining (H&E) 

The H&E experiments was conducted according to previous published work 

(Fischer, Jacobson et al. 2008). The procedures contained (1) remove the 

wax; (2) hydrate the section; (3) nuclear staining and blueing; (4) 

differentiation; (5) eosin counterstain; (6) dehydrate; and (7) mount. To 

remove wax, paraffin-embedded lung tissues isolated from BALB/c mice 

treated with vehicle, EZRi, olaparib, EZRi and olaparib were incubated with 

xylene for 15 min each for two times. Process for hydration included 100% 

ethanol for 2 min, twice; 95% ethanol for 3 min, twice; 80% ethanol for 3 

min; 70% ethanol for 3 min. Then rinsed sections in small flow water for 5 

min. After washing, stained the tissue sections with hematoxylin staining for 

10 min to stain the nucleus. After washing with tap water, transferred the 

paraffin slices into 1% hydrochloric acid ethanol differentiation liquid solution 

in 5~30 seconds until the slice get red, then rinse water for about 10 min to 

the section of the eye can be seen blue. Incubated 1% eosin solution with 

the slides for 12 min, flowed by washing for 1 min with water. Then paraffin 

slices were put into 70% ethanol for 2 min; 80% ethanol for 2 min; 95% 

ethanol for 2 min, twice; 100% ethanol for 2 min for twice to dehydrate. Then 

paraffin slices were put into xylene I solution and xylene II solution each for 

10 min to clear the tissue slides and make it completely transparent; After 
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air dried the slices and sealed the slices with neutral Canada gum and 

covered with a glass cover slip. 
 

13.3.4 Statistical analysis and reproducibility 

For most in vitro studies, the statistical analysis of results was presented 

based on mean ± standard deviation unless otherwise noted. In order to 

ensure the reliability of the data, the in vitro experiments were performed at 

least three times independently. For in vivo experiments, the results were 

analyzed using Prism - GraphPad and each dot in the graph represents one 

mouse. The representative images we chose and showed in this research 

work was dependent on the average/median level of the data for each group. 

Generally, we used one-way analysis of variance (ANOVA) with a Tukey's 

multiple comparisons test to define the differences in treated groups. P 

value lower than 0.05 was considered statistically significant. 
 

13.4 Results 

13.4.1 The combination of olaparib with an ezrin inhibitor NSC668394 

(EZRi) inhibited tumor growth in an immunocompetent OS mouse 

model (BALB/c with K7M2). 

K7M2 cells were used to construct mouse models, the orthotopic tumors were 

isolated after treatment and photographed using X-Ray. BALB/c mouse 

models described above were used to evaluate the effects of ezrin inhibitor 

on tumorigenesis, after the treatment of vehicle, olaparib, EZRi, olaparib and 

EZRi, the tumor size was analyzed and represented images of BALB/c mice 

were shown (Fig. 13-1a). Ezrin inhibitor combined with olaparib had 

significant inhibitory activity on the growth of orthotopic tumors in BALB/c 

mice (Fig. 13-1b). 
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Figure 13-1. The combination of olaparib with ezrin inhibitor inhibited tumor growth in an immunocompetent OS 

mouse model. (a) Representative biophonic images of OS tumor in K7M2 inoculated BALB/c mice administrated with 

vehicle, olaparib, EZRi or the combination of olaparib and EZRi. (b) Weight of orthotopic K7M2 tumors in BALB/c mice 

administrated with vehicle, olaparib, EZRi or the combination of olaparib and EZRi (n = 15 mice per group). 

b 

T
u

m
o

r 
w

e
ig

h
t 

(g
)

V e h ic
le

O
la

p a r ib
E Z R i

O
la

p a r ib
+ E Z R i

0

2

4

6

8

1 0

*
* *a Olaparib+EZRi Vehicle Olaparib EZRi 



169 
 

13.4.2 Ezrin inhibitor could rescue PARP inhibitor induced lung 

metastasis in an immunocompetent OS mouse model (BALB/c with 

K7M2). 

BALB/c mouse models described above were used to assess the effects of 

ezrin inhibitor on pulmonary metastasis, after treatment with vehicle, olaparib, 

EZRi, olaparib and EZRi, the represented images of lung tissues were shown 

(Fig. 13-2a). Ezrin inhibitor combined with olaparib could dramatically 

decreased lung metastases, including decreased the incidence (Fig. 13-2b, c) 

compared with other groups. 
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Figure 13-2. The combination of olaparib with ezrin inhibitor rescued olaparib induced OS lung metastasis in an 

immunocompetent OS mouse model. (a) Representative lung tissues images of OS tumor in K7M2 inoculated BALB/c 

mice treated with vehicle, olaparib, EZRi or the combination of olaparib and EZRi. (b) Number of metastatic K7M2 nodules 

visible in lung in K7M2 inoculated BALB/c mice with each treatment. (c) Representative images of lung sections in H&E 

staining after each treatment showing the combination of olaparib with ezrin inhibitor could rescue olaparib induced OS 

lung metastasis.

a 

c 
Vehicle Olaparib Olaparib+EZRi EZRi 
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13.5 Conclusion 

All the data we have obtained in this chapter showed that the combination 

of olaparib and EZRi could both inhibit primary tumor growth and decrease 

lung metastasis. Therefore, we could summarize that ezrin inhibitor could 

counteract olaparib induced lung metastasis in an immunocompetent tumor 

BALB/c bearing mouse model. 
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CHAPTER 14. Discussion and Conclusion.
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Discussion 

Current therapeutic strategies for OS have very limited effect in improving 

the clinical outcome. Other effective therapies are urgently needed. Due to 

the mutational signature to BRCA deficiency (BRCAness) that with a defect 

in homologous recombination, a promising therapeutic strategy is to inhibit 

other DNA repair related targets such as PARPs to achieve synthetic 

lethality. In this work, using two OS orthotopic mouse models, we discovered 

that the most commonly used PARPi, olaparib, exhibited significant 

inhibitory effects on the growth of the orthotopic OS tumors, while a risk of 

lung metastasis was observed. Simultaneously, a phase 2 clinical trial to 

test the efficacy of olaparib in treating Ewing’s sarcoma failed. Therefore, it 

is significant to unveil the underlying pro-metastatic mechanism of PARPi. 

We firstly evaluated the level of PAR, PARP1 and PARP2, and confirmed 

that PARP1 was involved in OS metastasis. Furthermore, we identified the 

interactive protein for PARP1 and PAR, ezrin. Ezrin has been widely 

recognized as a crucial protein in OS cell migration and invasion. Besides 

the traditional role of ezrin, we discovered its novel localization in the 

nuclear speckles which are involved in mRNA export. Further evidence 

indicated that PARPi could stimulate p-Ezrin to localize in nuclear speckles, 

promoting the RNA export of metastasis related genes such as EMT. 

Accumulating evidence showed that OS could undergo EMT-like processes. 

The expression of epithelial markers and mesenchymal markers were also 

observed in OS. In our work, we demonstrated that PARPi could promote 

the RNA export of mesenchymal marker genes through p-Ezrin, leading to 

aggravated pulmonary metastasis. From all the above mechanistic research, 

we could conclude that the reduction of PARylation promotes ezrin 

phosphorylation, leading to aggravated metastasis in OS. Hence, we 

hypothesized that the combination of PARP inhibitor and ezrin inhibitor 

might could effectively reduce OS progression and hinder lung metastasis. 
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The results showed that the combination of PARP inhibitor with ezrin 

inhibitor exhibited excellent activity in inhibiting the orthotopic tumor growth 

and rescued olaparib induced metastasis in two OS mouse models. It is 

worth mentioning that this combination therapy could effectively hinder lung 

metastasis compared with the vehicle group. 

 

PARP inhibitors especially olaparib, have shown great therapeutic potential 

for treating breast and ovarian cancer. However, insensitivity and resistance 

are the obstacles for the expansion of the indications for PARPi in other 

types of cancer. In addition, increasing evidences show that BRCA-mutation 

is not directly related with the responses to PARPi. In terms of sarcoma, 

contradicted to the preclinical studies declaring promising activity of PARPi 

(Holme, Gulati et al. 2018), two accomplished clinical trials presented 

unsatisfied outcomes with no evidence in improving overall survival. In a 

phase II study, olaparib was used for treating adults with 

recurrent/metastatic Ewing's sarcoma. While, neither remarkable 

improvement nor durable disease control was observed after treatment 

(Choy, Butrynski et al. 2014). In another phase II study, talazoparib was 

used for treating patients with advanced or recurrent solid tumors such as 

ovarian cancer, breast neoplasms, prostate cancer, pancreas cancer, Ewing 

sarcoma, and small cell lung carcinoma. No dramatically responses in 

overall survival was found under talazoparib treatment (ClinicalTrials.gov 

Identifier: NCT01286987). In this study, using two orthotopic OS mouse 

models, we further discovered the pro-metastatic role of PARPi despite of 

significant inhibitory effects on tumor growth in OS.  

 

PARP1 is mainly reported located in the nucleus and its role in DNA repair 

and regulation of gene expression have been well established. In contrast, 

studies on its localization and functions in other organelles and cytoplasm 

are relatively limited. PARP1 was found in the mitochondria interacting with 
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Mitofilin, a transmembrane protein of the inner mitochondrial membrane, to 

maintain the mtDNA integrity (Rossi, Carbone et al. 2009). A recent study 

by Xu et al identified a cytoplasmic PARP1 mutant in pancreatic cancer 

tissues which promotes pancreatic cancer tumorigenesis and resistance 

(Xu, Sun et al. 2019). In this study, the interaction between PARP1 and ezrin, 

and intensive level of PAR observed in cytoplasm suggesting the 

localization of PARP1 in cytoplasm. We also found positive staining of 

PARP1 in cytoplasm in 143B cells using confocal microscopy. This work 

revealed a novel function for cytoplasmic PARP1 in the regulation of ezrin 

phosphorylation which contributes to OS metastasis. 

 

Accumulating evidence illustrated the potential role of PARP1 in cancer 

related EMT, but the effects of PARPi still remain controversial. It is reported 

that PARP inhibition could regulate the expression of vimentin and then 

suppress melanoma cells to metastasize to the lung in a metastatic 

melanoma mouse model (Rodriguez, Peralta-Leal et al. 2013). While in a 

PARP1 knockout transgenic prostate adenocarcinoma mouse model, 

impaired PARP1 function could increase the level of TGF-β and Smads (Pu, 

Horbinski et al. 2014). Mechanistic studies showed PARP1 modifies PAR 

on Smad complexes to dissociate Smad complexes from DNA, leading to 

decreased Smad-specific gene responses and TGF-β-related pro-

metastatic signaling pathways (Lonn, van der Heide et al. 2010). 

Furthermore, PARP1 could also bind to FN1 promoter together with Snail1 

and the p65 subunit of NF-κB and regulate mesenchymal gene transcription 

(Stanisavljevic, Porta-de-la-Riva et al. 2011).  

 

Since Khanna and colleagues first identified ezrin in metastatic pediatric 

sarcomas, accumulating evidence indicated the metastatic promotion 

function of ezrin in osteosarcoma and other subtypes of sarcomas (Nestl, 

Von Stein et al. 2001, Khanna, Wan et al. 2004, Fehon, McClatchey et al. 
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2010, Ren and Khanna 2014). However, the relationship between PAR and 

phosphorylation of ezrin has not been reported before, and the effect of PAR 

on phosphorylation and the functions of ezrin remain not clear. Usually, ezrin 

localizes in the cytoplasmic surface of cellular membranes. Ezrin could 

regulate the cytoskeleton by directly interacting with membrane proteins or 

through cytoplasmic adaptor proteins. Evidence reported that monomeric 

ERM proteins showed different biological activities when in different 

conformations. Normally, the binding of head and tail makes ezrin in a 

dormant state. When molecular changes happen, the head–tail interaction 

was destructed and ezrin was activated. Though the phosphorylation is 

regarded as the main regulation approach for the activation of ezrin, 

however, it is not the only mechanism. As a member of ERM family, ezrin 

consists of three domains: a tail C-ERMAD (for ERM association domain), 

a long α-helical domain, and a head N-FERM domain. Through the binding 

of FERM and ERMAD, ezrin exists in a dormant conformation that the 

phosphorylation and binding sites with other proteins are masked. It is 

regarded that an open form is crucial for the phosphorylation of Thr576 in 

C-ERMAD domain, which binds to F-actin and subsequently regulates cell 

motility, polarity and adherence that are closely related to metastasis. 

However, mechanisms of the switch between dormant and active forms of 

ezrin remain unclear. The binding of PIP2 (phosphatidyl-inositol 4.5-

bisphosphate, a phospholipid on the plasma membrane) to FERM domain 

is inferred to disrupt the ezrin head-to-tail binding without direct evidence. 

We discovered that besides phosphorylation, ezrin has another post-

translational modification, PARylation, and its phosphorylation is regulated 

by the level of PAR, which is possibly by the steric hindrance due to the 

adjacent modification sites in the same domain. The PARylation could also 

be related to the switch of the open/closed form of ezrin, which worth further 

exploration for better understanding of function regulations of ezrin and 
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ERM families. More importantly, the localization and functions of ezrin were 

mainly reported in cytoplasm or taken place at plasma membrane, we firstly 

discovered the localization of p-Ezrin in nuclear speckle and revealed its 

function in mRNA export, which enriched the biological understanding for 

ezrin. 

 

Conclusion 

In conclusion, our research on the effect of olaparib in OS unveiled a novel 

mechanism of lung metastasis in OS led by downregulated PARylation and 

upregulated ezrin phosphorylation. PARPi deceased the level of PAR and 

activated ezrin by boosting its phosphorylation. Based on the mechanistic 

research, we proposed a combinational therapeutic therapy using PARP 

inhibitor and ezrin inhibitor for future OS treatment. Although the 

combination therapy could rescue olaparib induced metastasis, this 

combination therapy might not be considered for clinical use due to its 

potential danger. Despite of this, our work is still of high significance. First, 

we illustrated the mechanism of PARPi induced metastasis, which the same 

mechanism might be also applicable for other cancers that have been 

approved for treating with olaparib. Notably, due to olaparib is used for 

treating advanced metastatic patients that with serious condition, making it 

difficult to evaluate whether the aggravated metastasis is caused by the 

drug or the condition of the patients. Therefore, the pro-metastatic role of 

PARP inhibitors should be carefully considered when using the drug. Most 

noteworthy is that we elucidated the pro-metastatic mechanism of ezrin in 

OS in detail. The combination of ezrin inhibitor with the current 

chemotherapeutic drugs such as methotrexate is of high potential for future 

OS treatment.  
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