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ABSTRACT 

 

Osteosarcoma is an aggressive bone tumor that primarily affects children and 

young adults. Patients are treated with high-dose chemotherapy, and surgery. 

However, when metastasis or recurrence occurs it becomes incurable. Osteosarcoma 

tumors are heterogeneous and pose challenges for selecting targets for new treatments. 

Biomarkers are needed to screen tumors, and help in the treatment of the disease to 

better predict patient outcomes. Based on previous studies, our lab focuses on the 

p27/kip1 (p27) protein as a potential biomarker for osteosarcoma.   

p27 is a tumor suppressor that regulates the cell cycle. In cancer cells, p27 

localizes to the cytoplasm and interacts with proteins that promote invasion and 

migration. Therefore, it can also function as an oncoprotein. Osteosarcoma cells use 

this oncogenic activity to promote proliferation and resistance to therapies. However, a 

more comprehensive understanding of the role of p27 in osteosarcoma is needed. I 

hypothesize that nuclear p27 acts as a tumor suppressor, while cytoplasmic p27 acts as 

an oncoprotein that decreases the sensitivity of osteosarcoma cells to drug treatment.  

In this study, I examined how human osteosarcoma cells rely on p27 to evade 

drug treatments, and allow cells to proliferate in the presence of drugs. I evaluated the 

activity of the cyclin-dependent kinase 4/6 inhibitor (CDK4/6) palbociclib combined 

with gemcitabine on the human osteosarcoma cell lines, HOS and 143B. I found that 

cell viability was reduced in response to gemcitabine and palbociclib given as single 

agents. When these two drugs were combined, the effect of administering gemcitabine 

before palbociclib, further reduced cell viability and the cells were sensitive to lower 

concentrations of palbociclib.  
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Further studies showed the effect of drug treatment on osteosarcoma cells was 

dependent on p27 expression. Using immunoblot analysis, I showed a correlation 

between p27 protein expression and cell viability. Gemcitabine decreased p27 protein 

levels that correlated with decreased cell viability, while palbociclib increased levels 

of nuclear p27, resulting in cell cycle arrest and higher cell viability. When the two 

drugs were combined, and gemcitabine was administered before palbociclib, the 

efficacy of the drugs was significantly increased and p27 expression was further 

downregulated.  

I also found that the effect of drug treatment resulted in increases in cleaved 

p27 that correlated with an enhancement of cell death. Reverse Transcriptase-qPCR 

analysis revealed mRNA levels of CDKN1B (encodes p27) correlated with p27 

protein expression. Further, by mass spectrometry analysis of p27 immunoprecipitated 

complexes, I identified novel p27 interacting proteins that are key components of 

signal transduction pathways for osteosarcoma. In summary, these data provide insight 

into the critical role p27 plays in osteosarcoma cell survival and identify novel p27 

interactions that can be further studied as predictive biomarkers for drug response. 
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Chapter 1 

INTRODUCTION 

1.1 Osteosarcoma 

Osteosarcoma is the primary type of bone cancer affecting children (Geller et 

al., 2010). The prognosis for osteosarcoma is a 70-80% survival rate at 5 years, but 

this drastically reduces to 20-30% for about 15 to 20% of patients who have 

metastases at presentation (Kager et al., 2006). The cause of osteosarcoma is 

unknown, but it is thought to arise from improper differentiation of mesenchymal stem 

cells. Tumors are heterogeneous and contain numerous genomic aberrations. 

However, these occur with low frequencies, that make these aberrations difficult to 

target (Bosse et al., 2016). Osteosarcoma is thought to be a developmental disease 

because it primarily affects children at the metaphyseal plate of the long bones (Taran, 

and Malapatil, 2017) during growth spurts. Genetic diseases like retinoblastoma, and 

Li-Fraumeni syndrome increase the risk of osteosarcoma, but these do not provide a 

known driving genetic factor for the disease (Kansara, 2007). Standard treatment 

includes chemotherapy consisting of [Methotrexate, Adriamycin (doxorubicin), and 

Cisplatin (MAP)] and surgery; however, survival has plateaued in the last 30 years and 

metastasis and recurrence are incurable (Allison, et al., 2012).  

1.1.1 Etiology of osteosarcoma 

The etiology of osteosarcoma is currently unknown. Inconsistent genetic 

differences lead to difficulty in identifying effective therapeutic targets. However, new 
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techniques continue to improve knowledge of the genome that are commonly 

associated with osteosarcoma. Copy number gains at chromosomes 1p, 1q, 6p, 8q, and 

17p as well as copy number losses at chromosomes 3q, 6q, 9, 10, 13, 17p, and 18q 

have been discovered, however specific tumor suppressor genes and oncogenes remain 

undetermined (Martin et al., 2010). Many sarcomas can be characterized by specific 

chromosome translocations, and complex genomic rearrangements allowing for 

molecular targets of these tumors, but this is not the case for osteosarcoma. Many 

techniques and studies have been done to look at the cytogenetics, genomics, and 

karyotyping of osteosarcoma as well as fluorescence in situ hybridization, quantitative 

PCR, and single-strand conformation polymorphism analysis to name a few, but the 

etiology remains unclear (Savage, and Mirabello, 2011). 

Although no mutations occur in high enough frequency to drive the disease, 

some mutations are at a consistently higher incidence. For example some germline 

mutations caused by the inactivation of genes that are linked with an increased risk of 

osteosarcoma include Li-Fraumeni syndrome (TP53), hereditary retinoblastoma 

(RB1), Rothmun-Thomson syndrome (RECQL4), Bloom syndrome (BLM), and 

Werner syndrome (WRN) (Savage, and Mirabello, 2011). Li-Fraumeni is normally 

caused by a mutation that silences the TP53 tumor suppressor gene. Humans have 

only one copy of this gene therefore when this gene is mutated it leads to a high risk of 

developing cancer (Wang, 2005). Approximately 70% of families meeting the criteria 

of Li-Fraumeni syndrome have germline TP53 mutations. In a study TP53 exons were 

sequenced in 765 osteosarcoma cases and found a high frequency of osteosarcoma 

cases (age <30 years) carrying a known LFS- or likely LFS-associated mutation 

(3.8%) or rare exonic variant (5.7%) with an overall frequency of 9.5%, compared to 
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none in case patients over the age of 30 (Mirabello, et al., 2015). Savage and 

Mirabello in 2011 found that TP53 is associated with loss of heterozygosity (LOH) or 

deletion of the region 17p13.1 which is present in 29-42% of cases. The mutation of 

the region 181 (MCR 18q21-q23) is present with 10-39% of cases while the deletion 

of this region is associated with 31-64% of cases, however the presence of 

germline TP53 mutations in sporadic osteosarcoma has been reported to be 3% to 7% 

(McIntyre et al., 1994). Another mutation involves the retinoblastoma (RB1) tumor 

suppressor gene. The mutation or loss of RB1 causes an increased risk of 

retinoblastoma, an eye cancer that affects children. Complex and largely inconsistent 

genetic alterations are typical of conventional osteosarcoma. Savage, and Mirabello, 

2011 also analyzed multiple studies to find that LOH or deletion of RB1 has been 

detected in about 19-67% of cases, RB1 mutations are present in about 25-35% of 

cases and about 50% of cases have either type of alteration and are associated with 

inactivation of RB1 expression. Children with this gene mutation have an increased 

risk of developing osteosarcoma especially if they are treated with radiation (Calvert, 

et al., 2012).  

Specific treatments may target gene mutations and amplifications for example 

cyclin dependent kinase 4/6 (CDK4/6) is amplified in 11% of osteosarcoma tumors 

which can be targeted by cell cycle checkpoint inhibitors such as CDK4/6 inhibitors 

(Sayles, et al., 2018). Osteosarcoma cells overexpress disialoganglioside (GD2) 

protein on the surface of the cells. Drugs that target GD2 are used to treat 

neuroblastoma, so for GD2 expressing osteosarcoma tumors, clinical testing of these 

treatments for osteosarcoma is warranted (Yang, and Sondel, 2010). Gene changes and 

differences in cellular components may be used to predict the migration ability, 
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response of drug effects, and even patient outcomes. Other components of the pRb 

pathway are also common genetic alterations in osteosarcoma. Loss of cyclin-

dependent kinase inhibitors (CDKN) genes are also present. CDKN is a gene that 

encodes tumor suppressor proteins that inactivate CDKs. Genes CDKN2A/p16/INK4A, 

p14/ARF, and CDKN2B/p15/INK4B are located at chromosome 9p21 and have been 

associated with development of osteosarcoma (Mohseny, et al., 2009). This 

chromosome is deleted in 5-21% of osteosarcomas (López-Guerrero, et al., 2004). 

Bones are formed by osteoblasts that build bones and osteoclasts that reabsorb 

the bone and (Chen et al., 2018). Osteosarcoma is thought to arise from mesenchymal 

bone forming cells that produce malignant osteoid that is normally present around the 

metaphyseal plate of long bones (Mohseny et al., 2009). Osteosarcoma tumor cells 

resemble mature osteoblasts, yet they are most likely held in the immature osteoblast 

stage rather than fully differentiating into osteocytes. The tumors are heterogeneous 

because they contain mixed populations of undifferentiated cancer cells that affect the 

formation and organization of normal bone tissue. This implies disruptions along the 

developmental process of osteoblastogenesis.  

One of the main features of osteosarcoma is the ability to deregulate bone 

remodeling. Evidence supports a coupled relationship between the decline in 

proliferative activity and the subsequent induction of genes associated with 

extracellular matrix maturation and mineralization. The extracellular matrix is 

involved in the development of the mature osteoblast phenotype by controlling its 

proliferation and shutdown. In osteosarcoma cells the loss of growth regulation is 

associated with a disruption of this control (Lian, and Stein, 1992). Tumor cells invade 

bone tissue and affect bone growth, bone remodeling and the regeneration of injured 
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tissue. This deregulation induces the release of cytokines and growth factors trapped in 

the bone matrix, such as transforming growth factor-β (TGF-β), which leads to tumor 

progression (Lamora et al., 2016). Cancer cells can also produce soluble factors, such 

as cytokines including Interleukin-6 (IL-6), Interleukin-11 (IL-11), transforming 

growth factor-α (TNF-α), and Receptor activator of nuclear factor κB ligand 

(RANKL), that activate osteoclastogenesis, leading to bone degradation (Tanaka et al., 

2014). Following bone resorption, growth factors trapped in the bone matrix, such as 

Insulin growth factor-1 (IGF-1) or TGF-β, are released in the bone microenvironment 

and stimulate tumor growth (Wittrant et al., 2004). Receptor activator of NF-κB 

(RANK) signaling was also found to promote the motility and anchorage-independent 

growth of osteosarcoma cells. Transgenic mouse models with alterations of RANKL 

have been reported to develop osteosarcoma (Adamopoulos et al., 2016). This could 

explain the heterogeneity of bone microarchitecture throughout the skeleton. This 

diverse heterogeneity renders osteoblasts difficult to uniformly characterize 

genetically for this disease which contributes to the challenges facing osteosarcoma 

research.  

A regulator of osteoblast differentiation is Runt Related Transcription Factor 2 

(runx2), that is part of the runt family of tumor suppressor genes. Runx2 is a 

transcription factor that provides instructions for making proteins involved in the 

development in bones, teeth, and cartilage. It is consistently disrupted in osteosarcoma 

cell lines and the ectopic expression of runx2 induces p27, inhibiting the activity of the 

S-phase cyclin complexes (Thomas, et al., 2004). This leads to the dephosphorylation 

of pRb and a G1 cell cycle arrest. The interaction between runx2 and the 

hypophosphorylated form of pRb leads to a cell cycle exit that promotes the increased 
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expression of the osteoblast phenotype. When p27 expression is lost this causes 

terminal cell cycle exit (G0) in osteoblasts, which is consistent with the incompatibility 

of malignant transformation and permanent cell cycle exit. Loss of p27 correlates with 

dedifferentiation in human osteosarcoma that is consistent with the malignant 

transformation of tumors. The coupling of differentiation to cell cycle withdrawal is 

disrupted in osteosarcoma which is mediated through runx2 and p27 (Thomas, et al., 

2004). A study by Dahlin et. al., in 1957 found that 81% of osteosarcoma tumors were 

undifferentiated or poorly differentiated, and in another study (Hopyan, et al., 1999) 

found that osteocalcin which is a late marker of osteogenic differentiation was not 

detected in greater than 75% of osteosarcomas. Thomas et al. (Thomas, et al., 2004) 

found that spontaneous and induced osteoblast differentiation were associated with 

increase p27 at the protein and mRNA levels. The expression of ectopic runx2 induced 

an Rb- and p27 dependent growth arrest which was mediated by the increased levels 

of p27.  

Although osteosarcoma is most commonly found in the metaphysis of long 

bones it affects other bone types as well. Because the metaphysis is the primary area 

of bone cell growth during childhood bone elongation this region is likely more 

susceptible to osteosarcoma development. This differentiates osteosarcoma from other 

types of bone cancer (e.g. Ewing's sarcoma) because it is during development rather 

than genetic. Therefore, while there are genetic proponents to osteosarcoma these are 

not established as a driving factor for the disease like other cancers. 

1.1.2 Stages and grades of osteosarcoma tumors  

Osteosarcoma has two stages; localized or nonlocalized. About 80% of tumors 

are localized. These are classified as the primary tumor. Localized osteosarcoma is 
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further divided into subgroups known as resectable or non-resectable. The other stage 

is non-localized or metastatic osteosarcoma in which cancer cells have spread to other 

parts of the body. The primary site of metastasis is the lung with about 20% of patients 

presenting with metastasis upon diagnosis (Meyers et al., 2005), and it can also spread 

to other bones, the brain, or other organs (Saha, et al., 2013). Whether or not the tumor 

is localized or has metastasized is the main classification osteosarcoma. Another 

classification used is the Musculoskeletal Tumor Society (MSTS) Staging System. 

This system, also known as the Enneking system is based on the grade (G), extent (T), 

and metastasis (M) of the tumor. The grade of the tumor is a measure of how likely it 

is to grow and spread. This grading system is done by examining the tumor cells by 

microscopy to determine if it is low (G1) or high grade (G2). Low grade cells are 

phenotypically similar to normal cells, while high grade cells look more abnormal and 

show high proliferation. The extent of the primary tumor is classified as either 

intracompartmental (T1), or extracompartmental (T2). Intracompartmental means that 

it has remained within the bone and extracompartmental means that it has extended 

beyond the bone to nearby structures. Tumors that have not spread are classified as 

M0. Tumors that have spread are M1. These factors are used to give an overall stage 

using the Roman numerals I to III and stages I and II are further divided into A and B 

for the T classification (Gorlick, et al., 2016). 

The site of the primary tumor is important. It is a prognostic tool for patients 

with localized osteosarcoma. When the tumor is localized to the extremity, the distal 

sites have more favorable outcomes than the proximal sites. Axial skeleton primary 

tumors are harder to completely resect with surgery and have the greatest risk of 

progression and death. Pelvic osteosarcomas make up 7% to 9% of tumors and have a 
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survival rate of 20% to 47% (Donati et al., 2004). Craniofacial osteosarcoma in the 

mandible and maxilla have a better prognosis than those in the head and neck (Jasnau 

et al., 2008). Extraskeletal osteosarcoma is rare and has a similar mortality rate as 

primary tumors of the bone (Goldstein-Jackson et al., 2005). Patients with localized 

osteosarcoma have much better outcomes than those with metastasis. Patients with 

skip metastasis (at least two discontinuous legions in the same bone) tend to have 

worse prognoses (Bacci et al., 2008). Metastasis across a joint might be a 

hematogenous spread and this might contribute to the lowered survival rate (Bacci et 

al., 2006). 

1.1.3 Risk factors for osteosarcoma 

The main risk factor in osteosarcoma is age. Currently, osteosarcoma is 

believed to be a developmental disease. While there are known genetic components, 

these are not used to define the disease. There is a bimodal distribution for risk for 

peak in adolescence and peak after 60 years (Mirabello, et al., 2009). Due to the 

increase in cellular division during growth, age is considered the main risk factor in 

osteosarcoma. This risk is highest for children at puberty and decreases around the age 

of 30 (Mirabello, et al., 2009). Risk increases again with older adults over the age of 

60 probably due to other factors such as other bone diseases.  

Other factors that influence the risk of osteosarcoma are height and gender. 

Children with osteosarcoma are usually tall for their age which suggests that the 

disease is related to rapid bone growth. Osteosarcoma is also more common in males. 

It is unclear why it occurs in males more; however, it could be due to an increased 

average height for males over females. Females also tend to develop osteosarcoma 
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earlier supporting the theory that it is due to bone development because females tend 

to reach their growth spurts earlier. 

Cancer can develop from gene changes that are acquired during a person's 

lifetime. As cells proliferate mutations can occur spontaneously that are not always 

fixed and therefore cells accumulate mutations that can lead to cancer. Radiation 

therapy, used to treat another type of cancer can also cause secondary cancer because 

radiation can also damage DNA thereby causing mutations. Diseases such as Paget's 

disease and other types of bone cancer can lead to an increased risk of osteosarcoma 

for this reason. Normally gene changes occur in the cell due to the errors during 

mitosis and accumulate, leading to cancer. Besides radiation there currently are no 

known lifestyle-related or environmental causes of osteosarcoma like there are in other 

cancers. Lifestyle related risk factors like smoking, diet, body weight, and physical 

activity play an important role in many adult cancers, but these factors normally take 

years to have an influence in the risk of cancer and are not thought to play a role in 

osteosarcoma, especially in children (Lindsey, et al., 2016). 

1.2 Treatment of Osteosarcoma 

Osteosarcoma is treated with standard MAP chemotherapy before and after 

surgery (Sampson, et al., 2016). Drastic advances in treatment for osteosarcoma have 

been made in the past 50 years (Misaghi et al., 2018). Misaghi et al. state that the five-

year survival rate in the 20th century was about 20%, however with the addition of 

adjuvant chemotherapy in the 1970s osteosarcoma survival rate increased to 

approximately 50%. By the 1990s the survival rate increased to approximately 65%. 

This rate however has plateaued, and the survival rate for patients with metastatic and 
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recurrence still remains low. Effective treatments need to be developed for patients 

with metastatic and recurrent disease.  

1.2.1 Cytotoxic treatment  

MAP chemotherapy is the first treatment given to a patient with osteosarcoma. 

For patients who relapse, these agents are ineffective. Other chemotherapeutic agents 

(gemcitabine, etoposide, ifosfamide, vincristine, cyclophosphamide, carboplatin) are 

used as salvage therapy, but the use of these is generally limited by high toxicities. 

Current research is being focused on other classes of drugs that show activity against 

osteosarcoma. 

Cytotoxic agents induce DNA damage and inhibit DNA synthesis by activating 

the S-phase checkpoint which leads to apoptosis or cellular senescence (Luo, and 

Leverson, 2005). Chemotherapeutics have a multitude of mechanisms to cause DNA 

damage. For example, MAP therapy involves methotrexate which is an antimetabolite 

that blocks enzymes for DNA synthesis, doxorubicin intercalates DNA, and disrupts 

topoisomerase-II (Nitiss, 2009), and cisplatin is a platinum-based agent which forms 

DNA protein crosslinks as well as DNA intrastrand and interstrand crosslinks that 

restrict DNA repair (Noll, et al., 2006). Microtubule inhibitors such as vinca alkaloids 

and taxanes destabilize  and stabilize microtubules respectively, which leads to the 

disruption of the mitotic spindle causing mitotic arrest (Mills et al., 2018). Although 

chemotherapy is highly toxic to the cell cycle,  cancer cells may adapt or use DNA 

repair pathways and faulty checkpoints to escape damage. Cancer cells may reverse or 

avoid damage all together and may even evolve to a more aggressive and malignant 

phenotype making treatment less effective (Mills et al., 2018). 
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Necrosis is the only positive biomarker for osteosarcoma at this time. Patients 

with at least 90% of tumor necrosis after chemotherapy have a better prognosis 

(Bielack et al., 2002). Patients with less than 90% of tumor necrosis have a higher rate 

of recurrence within the first 2 years as well (Kim et al., 2007). The Pediatric 

Preclinical Testing Consortium (PPTC), originally known as the Pediatric Preclinical 

Testing Program (PPTP) has tested more than 50 drugs in their preclinical models of 

osteosarcoma using patient derived xenograft tumors (including Rapamycin, Sunitinib, 

Sorafenib). This group evaluates many agents that have been tested in clinical trials 

but many phase I and II trials have yet to advance to phase III trials. A review by 

Sampson et al., in 2013 summarizes the results of preclinical testing of agents in OS 

models conducted by the PPTP from the past 6 years before the review. Development 

of new therapies involves repurposing old agents, developing synthetic analogues of 

agents that are less toxic, as well as making orally administered agents. Although 

many new drugs have shown efficacy in some patients, combination studies with 

chemotherapy are warranted for better efficacy of single agent treatments. Phase I 

clinical trials determine if a new drug, treatment, or combination of treatments is safe 

for patients (toxicities). Phase II clinical trials determine drug safety and how well it 

works (i.e. targeted inhibition). The Children's Oncology Group (COG) and other 

independent investigators recognize the limitations (due to small patient sizes) of 

investigations of cytotoxic agents in varied schedule and dosages to treat tumors 

known for chemotherapy resistance. 

High doses of radiation are needed to have an effect on osteosarcoma cells. 

This limits the use of radiation due to the harsh side effects. Newer radiation 

techniques such as intensity-modulated radiation therapy (IMRT) are promising since 
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these are designed to better target the tumor with an adjustable beam (Liao, et al., 

2016). Another form of radiation is stereotactic radiosurgery (SRS) which gives a 

large amount of radiation to a small area with a tumor usually for only one session 

(Yu, et al., 2017). Conformal proton beam therapy uses the positive parts of atoms, but 

may be limiting due to availability and cost (Ciernik, et al., 2011). Carbon ions are 

heavier than protons and can do more damage to cancer cells and using them is 

relatively new so it is only available in a few places around the world. Radium-223 

(Xofigo) is currently being used to treat osteosarcoma that has spread to other bones. 

New imaging techniques allow a better understanding of the growth and spread 

of osteosarcoma allowing better surgical techniques to define how extensive the tumor 

is and how much it has spread through the body. This helps with planning surgeries to 

remove the cancer while sparring much more of the normal tissue than physicians 

were previously able to. As Misaghi et al. stated it was common for the limb to be 

amputated before the mid 1970s as treatment (Misaghi et al., 2018). Still, these 

techniques are limited and are ineffective when the tumor has already metastasized. 

Newer prosthetics have been able to help both with internal and external replacements 

of areas that need to be removed (Misaghi, et al., 2018).  

1.2.2 Cytostatic treatment  

Cytostatics are molecularly targeted agents that act on highly specific targets 

that are differentially expressed or activated in cancer cells. Targeted therapy uses 

drugs to attack specific cancer cells without affecting normal cells. There are many 

different types of targeted therapies currently in clinical trials such as kinase inhibitors 

which block kinases that couple extracellular signals with intracellular signaling 

pathways, which contribute to cancer cell survival An example of a drug that uses this 
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mechanism is sorafenib (Nexavar) which inhibits the tumor's ability to make new 

blood vessels and is used to treat recurrent osteosarcoma. Mammalian target of 

rapamycin (mTOR) inhibitors such as everolimus (Afinitor) blocks the mTOR 

signaling pathway. Blocking mTOR may prevent cancer cells from growing as well as 

angiogenesis, for the formation of new blood vessels that are needed for the tumors to 

grow.  

Receptor tyrosine kinases (RTKs) are proteins that regulate cell 

proliferation, growth, and survival. Preclinical studies suggest that agents targeting 

multi-RTKs may be used for osteosarcoma tumors. RTKs like CD340 (cluster of 

differentiation 340 (ErbB2), IGF-1R, platlet derived growth factor receptor 

(PDGFR), vascular endothelial growth factor receptor (VEGFR), and downstream 

signal-transduction pathways can be potential targets (Pikman et al., 2012). 

Imatinib is a tyrosine kinase inhibitor that had success in some solid tumors, 

however it has not been very successful in osteosarcoma (Bond et al., 2008). VEGF 

inhibitors also have efficacy in a sub population. In a study by Yang et al., in 2011 

VEGFA (6p21.1) was amplified in 25% of the osteosarcoma specimens, and the 

product of this protein promotes angiogenesis and blood vessel permeability in cancer 

(Harper, and Bates, 2008). 

Targeting the immune system is immunotherapy. Immunotherapy drugs can be 

used with monoclonal antibodies made from a single type of immune system cell. 

These antibodies can bind to antigens on cancer cells or normal substances that may 

help the cancer cells grow. The antibodies bind and can prevent growth, spreading, 

and induce death. Monoclonal antibodies are given by infusion and can be used alone 

or to carry other drugs, toxins, or radioactive material directly to cancer cells. 
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Denosumab and dinutuximab (Unituxin) are monoclonal antibodies currently being 

studied for treatment of recurrent osteosarcoma. Dinutuximab  attaches to GD2, a 

protein that is important for cancer cell growth (Sait, and Modak, 2017). Immune 

checkpoint inhibitors can be used to help the body's immune system recognize and 

attack cancer cells. These drugs have already been studied and shown to be helpful 

against many types of cancers and they are now being studied for osteosarcoma. 

Muramyl tripeptide (MTP or mifamurtide) is an experimental immune-modulating 

drug that is currently being studied that has been shown to help some patients when 

added to chemotherapy (Biteau, et al., 2016).  

Targeting genes and miRNAs are Gene Therapy. The nuclear factor 1B (NFIB) 

gene affects osteosarcoma cell migration and proliferation and is associated with 

metastasis (Mirabello, et al., 2015). MicroRNAs have been used to indicate prognosis. 

Some microRNAs such as miR-214 are upregulated in osteosarcoma and are 

independently prognostic for progression-free survival and overall survival. A locus at 

14q32 is associated with miR-382, miR-134, and miR-544, and these microRNAs all 

have an inverse correlation with how aggressive a tumor becomes and miRNA 

expression (Sarver, et al., 2013). 

Although targeted therapies have been unsuccessful alone, the combination of 

selective inhibition with DNA damaging chemotherapy can be synergistic and 

enhance cell death. DNA lesions that promote nucleotide excision and stalled 

replication forks activate Ataxia telangiectasia mutated (ATM), Ataxia telangiectasia 

mutated (ATR), and checkpoint kinase 1 and 2 (CHK1 and CHK2), to halt cell cycle 

progression at G1 preventing cells from replicating DNA damage (Manic, et al., 
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2015). Targeting these checkpoint kinases will cause cells to enter mitosis with DNA 

damage which can lead to mitotic catastrophe and cell death (Mills, et al., 2018). 

Palbociclib is a CDK4/6 inhibitor in which the Rb status is critical for response 

(Cadoo et al., 2014). Loss of functioning Rb may facilitate the independence from 

CDK4/6 which would allow CDK2 to control proliferation allowing the cells to divide 

even in the presence of palbociclib. Elongation 2 factor (E2F) also has a significant 

role in modulating cellular response to palbociclib. Dean at al., in 2010 examined a 

downstream effect of CDK4/6 inhibition is the modulation of E2F targets. This 

deregulation can overcome the efficacy of palbociclib. The loss of Rb with the 

increase of E2F-target genes cyclins A and E provides a mechanism for the cells to 

gain independence from CDK4/6 (Dean et al., 2010).  

Radiation-induced cytotoxicity is dependent on the cell cycle. The early G1 

and late S-phases are resistant to radiation compared to the G1/S and G2/M transition 

phases (Johnson et al., 2010). This study demonstrated that cell lines dependent on 

CDK4/6 had a lengthened G1-phase when CDK4/6 are inhibited leading to an increase 

in radio-resistance, while for tumor models where CDK4/6 were not the main drivers 

of proliferation there was little effect. They also showed that CDK4/6 inhibitors could 

aid in the body's ability to tolerate radiation because the hematopoietic 

stem/progenitor cells are reversibly quiescent. Therefore, patients that lack the Rb 

protein could withstand higher doses of cytotoxic agents without sacrificing efficacy 

with the addition of CDK4/6 inhibitors. In 2010 Dean et al. tested this theory with 

palbociclib and carboplatin in mouse models with breast cancer. Single agent 

palbociclib inhibited tumor growth in Rb+ tumors, but not Rb- tumors. Combination 

therapy had myeloprotective effects without compromising efficacy in the mice that 
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were Rb+ in comparison to carboplatin alone. Rb- mice had no deleterious effect on 

tumor growth with the combination, but there was significant platelet protection. 

Taken together this suggests that palbociclib can act as an anti-proliferative agent in 

Rb-dependent tumors and as a myeloprotective agent that can enhance delivery of 

cytotoxic therapy in Rb-independent tumors. 

Many chemotherapy agents rely on the proliferation of cells such as 

mercaptopurine and methotrexate so combining these drugs with a CDK4/6 inhibitor 

could be antagonistic. In 2012 Pikman et al., found palbociclib to be antagonistic with 

simultaneous and sequential administration of mercaptopurine, methotrexate, 

doxorubicin, or L-asparaginase in T-ALL cell lines. In 2012 McClendon et al., 

reported antagonism in breast cancer, however some drug combinations may enhance 

cell death such as in MYCN-amplified, TP53 wildtype neuroblastoma (Gogolin et al., 

2013). There are other examples of chemotherapy agents that have not been 

antagonistic with CDK4/6 inhibitors such as cytarabine in acute myeloid leukemia 

(AML) (Yang C, et al., 2011) and gemcitabine in a Calu-6 lung cancer xenograft 

model (Gelbert et al., 2014). 

1.3 Cell Cycle 

Alberts et al. state that the eukaryotic cell cycle is divided into four phases: gap 

1(G1), DNA synthesis (S), gap 2 (G2), and mitosis (M). G1, S, and G2 are known as 

interphase (Alberts et al., 2002). A typical human cell will proliferate in culture in 24 

hours where interphase normally occupies 23 hours, while the M-phase lasts for about 

1 hour. The two gap phases monitor the internal and external environment to make 

sure conditions are suitable for DNA synthesis and division. G1 can also be delayed 

and the cells are able to exit the cell cycle in what is known as G zero (G0) and enter 
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quiescence. Most cells remain in G0 for extended periods of time, and it can even be 

years before proliferating again. This is where cancer treatment can be used, because if 

most normal cells are not dividing, then drugs that target checkpoint kinases at 

specific phases of the cell cycle in which the cells are proliferating will spare most of 

the normal cells in the body. Quiescence occurs due to lack of nutrition and growth 

factors whereas terminal cell cycle exit called senescence, takes place due to aging and 

high DNA damage. Cancer cells with DNA damage can also undergo senescence. 

Small molecule inhibitors targeting cell cycle checkpoint kinases have been 

developed. Combining targeted therapies with chemotherapy allows for lesser side 

effects while maximizing efficacy. The cell cycle is able to be targeted because cancer 

proliferates even in the absence of growth factors, while most normal cells exit the cell 

cycle until there are signals for division. Various mitogenic signals cause human cells 

to enter the cell at G1. The Ras/Raf/MAPK pathway is one of these mechanisms that 

increases cyclin D expression. (Meloche, and Pouyssegur., 2007). Cyclin-dependent 

kinases (CDKs) regulate progression through the cell cycle, and multiple complexes 

can be formed. Osteosarcoma occurs mainly during bone growth spurts therefore cell 

cycle checkpoint kinases are being studied as possible targets. 

1.3.1 Cell cycle defects in osteosarcoma 

Alterations in p53 are invariable as well as alterations in the Rb pathway. Li-

Fraumeni syndrome with germline p53 abnormalities and patients with hereditary 

retinoblastoma with germline Rb pathway alterations are predisposed to osteosarcoma 

which implies that these pathways are central to osteosarcomas pathogenesis. The 

TP53 gene has been mapped to chromosome 17. p53 protein binds DNA and 

stimulates the production of p21 which interacts with a cell division-stimulating 
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protein (CDK2). When p21 is complexed with cdk2 the cell cannot progress to the 

next stage of cell division. Mutant p53 can no longer bind DNA in an effective way, 

therefore p21 protein is not able to stop cell division allowing cells to divide 

uncontrollably, and form tumors. One of the ways p53 expression is disrupted is by 

inactivation. This can happen at the posttranslational level and can also occur through 

regulation by the tumorigenic proteins. MDM2 is an oncoprotein that can inhibit p53 

by promoting its degradation as well as the downregulation of its transcription. 

Amplification of MDM2 on chromosome 12q15 is infrequent in primary osteosarcoma 

with about 6.6% of tumors having this amplification, however amplification of MDM2 

is more frequent in metastasis and recurrence with about 34% (Lonardo et al. in 1997). 

Because of the importance and involvement of so many cancers p53 is defined as 

guardian of genome.  

pRb prevents cell cycle progression by binding to E2F transcription factor and 

inhibiting cell cycle progression from G1 to S until it is phosphorylated by the 

CDK4/cyclin D complex (Miller et al., 1996). E2F (6p22.3) is gained or amplified in 

60% of osteosarcomas and encodes for the E2F3 transcription factor (Martin, et al., 

2012). E2F is regulated by Rb, cyclins, CDKs, and CDKNsto stabilize the genome 

(Manning and Dyson, 2011).  

1.3.2 p27 as a tumor suppressor and an oncogene 

p27/kip1(p27) is a cell cycle inhibitor that accumulates during the G1 

checkpoint of normal cells. This accumulation signals to the cell to halt so that the cell 

can be checked for damage. During this time the damage will be repaired or if the 

damage is too extensive other signals will be sent so that the cell can undergo cell 

death.  CDKs are frequently upregulated in cancer. Inhibitors of CDKs like p27 induce 
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apoptosis of tumor cells. This defines the normal function of p27 as a tumor 

suppressor. p27 is also involved in non-CDK interactions in cancer and the protein is 

overexpressed. CDKs phosphorylate key regulatory substrates like the Rb protein. 

Moderate DNA damage activates p53, which is a transcription factor that stimulates 

expression of p21.This cyclin-kinase inhibitor binds and inhibits all CDK-cyclin 

complexes, causing arrest in G1 and G2. In response to extensive DNA damage, p53 

activates genes that induce apoptosis. 

Protein kinase B (PKB)/Akt contributes to resistance of antiproliferative 

signals in breast cancer. (Liang, et al., 2012) This study showed that this occurs by 

impairing the nuclear import and action of p27. Cells transfected to express Akt 

caused cytoplasmic p27 accumulation and resisted cytokine mediated G1 arrest. p27 

contains an Akt consensus site at threonine 157 (T157A), that is phosphorylated by 

Akt and impairs the nuclear export in vitro (Liang, et al., 2012). Liang, et al., also 

found that p27WT mislocalized to the cytoplasm, but the p27T157A was in the 

nucleus. Cells with Akt, p27WT failed to cause G1 arrest, but the antiproliferative 

effect of p27T157A was not impaired. Cytoplasmic p27 was seen in 41% (52 of 12) 

primary human breast cancers in conjunction with Akt activation and correlated 

with poor patient prognosis (Liang, et al., 2012). 

Following anti-mitogenic signals or DNA damage, p27 interacts with cyclin-

CDK complexes to inhibit catalytic activity and induce cell-cycle arrest. This 

phosphorylates the cyclin-CDK complex, inactivating it which downregulates Rb. The 

accumulation of p27 in the nucleus acts as a tumor suppressor by facilitating the repair 

of DNA damage, but if the damage is too extensive it will trigger the apoptotic 

pathway. When p27 is upregulated in the cytoplasm it functions as an oncogene by 
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binding to proteins that allow osteosarcoma cells to proliferate and evade cell death. 

Normally a tumor suppressor like p27 follows what is known as a two-hit hypothesis. 

This implies that both alleles must be affected before the effect occurs. This is because 

even if one allele is damaged the other will still be able to produce the protein needed. 

Normally mutant tumor suppressors are recessive while oncogenes are dominant. p53 

is an exception to this rule and can function as a dominant negative so if one becomes 

mutated or fails it increases risk for cancer. In addition to the CDK-binding site, p27 

has other known binding sites including caspase-3 site where it can be cleaved, and a 

nuclear localizing sequence allowing it to be exported from the nucleus. Importantly, 

Dean et al., 2010 showed that loss of inhibitory proteins like p27 has been associated 

with poor prognosis in breast cancer and that these features of p27 may be predictive 

of poor response to CDK4/6 inhibitors. 

1.3.3 p27 interactions with STMN1 

Non-canonical p27 functions are observed in cancer cells, where p27 is 

exported to the cytoplasm and binds cytoplasmic proteins e.g. stathmin 1 (STMN1), to 

promote cell migration and invasion (Currier et al., 2019). STMN1 is a microtubule 

destabilizing protein that impairs microtubule formation by sequestering β-tubulin 

monomers. This protein is important for the disintegration of the mitotic spindle 

following mitosis and promotes cytokinesis. When p27 binds to STMN1 it inhibits 

STMN1 function. When p27 and STMN1 are upregulated, this leads to the 

stabilization of the microtubules and the spindles allowing cancer cells to proliferate. 

This interaction and other studies suggest that both p27 and STMN1 switch from 

tumor suppressor to oncogenic activity. 
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1.4 Hypothesis and experimental aims 

p27 can be studied as a predictive biomarker in osteosarcoma. It is constitutively 

present in the cytoplasm of some tumors and acts as an oncoprotein. I hypothesize 

that: Nuclear p27 acts a tumor suppressor, while cytoplasmic p27 acts as an 

oncoprotein that decreases the sensitivity of osteosarcoma cells to drug treatment. I 

predict that combining targeted therapy with chemotherapy will lead to a change in 

expression of p27, and a decreased cell viability in osteosarcoma cells. To test this 

prediction, I will accomplish the following aims: 

1. Confirm the presence of p27 in the nucleus and cytoplasm of human 

osteosarcoma cell lines. 

2. Assess the viability of osteosarcoma cells treated with gemcitabine and 

palbociclib. 

3. Determine the effects of single agent and combination drug treatments in 

relation to p27 expression.  

4. Determine the binding proteins of p27 in osteosarcoma cell lines. 
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Chapter 2 

MATERIALS AND METHODS 

2.1 Tissue culture 

Human osteosarcoma cell lines 143B, HOS and human osteoblasts (CRL-

11372) were purchased from ATCC (Manassas, VA). HOS and 143B cell lines were 

cultured in Modified Eagle’s Medium (MEM), CRL-11372 was cultured in HAM’s 

F12 Medium. Media were supplemented with 10% fetal bovine serum (FBS), 2 

mmol/L l-glutamine, 25 U/mL penicillin, and 25 µg/mL streptomycin. Cells were 

maintained at 37 °C in humidified incubators in an atmosphere of 5% CO2. 

2.2 Cell viability assay 

Cells were seeded in 96-well plates at (2x103 cells/well) in medium without 

antibiotics and grown overnight. Cells were then treated with gemcitabine (GEM) at 

45nM, palbociclib (PAL) at 5µM corresponding to IC50 concentrations. Gemcitabine 

and palbociclib were administered the same time, or sequentially; gemcitabine before 

palbociclib and palbociclib before gemcitabine. Untreated cells (C) were grown for 48 

hours (as stated in figure 1A), single agent treatments and the GEM+PAL 

combination, cells received media only for 24 h, followed by respective treatment for 

24 h. The sequence combinations received one agent for 24 h followed by a wash with 

phosphate-buffered saline (PBS), then incubated with the next drug for 24 h. Viable 

cells were measured after 48 h with cell titer blue (Promega, Madison, WI) reagent. 

After incubation at 37°C for 4 hours, the absorbance was read at 570 nm in the 

Victor4 plate reader (Perkin Elmer, Waltham, MA). Data are represented as the mean 

of 6 measurements ± SE. Cell viability and t-test statistical analysis were assessed 

with Excel. 
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2.3 Real Time-quantitative PCR 

Total RNA was isolated from 143B cells using Trizol reagent (Invitrogen, 

Carlsbad, CA) following treatment with gemcitabine, or palbociclib, or the 

combination of the two drugs for 24 h. First strand cDNA was created from RNA 

using the High Capacity cDNA reverse transcription kit (Applied Biosystems, Foster 

City, CA). TaqMan Gene Expression assays for CDKN1B, GAPDH, and STMN1, were 

purchased from Life Technologies (Carlsbad, CA). The ABI 7900 HT Real-Time 

(Applied Biosystems) equipment was used to detect mRNA levels. GAPDH was used 

as a normalizing control. Gene amplification was determined using the ΔΔCt method 

of relative quantification. Data are presented as mean ± SE of three measurements. 

2.4 Cytoplasmic and nuclear fractionation 

Lysates were prepared using the Cell Fractionation Kit (Abcam, Cambridge, 

MA). Lysates were resuspended in fractionation buffer and centrifuged at 3,000 rpm 

for 5 m. The supernatant contained the cytoplasmic fraction. The nuclear pellet was 

then washed with fractionation buffer centrifuged again at 3,000 rpm for 10 m and the 

pellet containing the nuclei was resuspended in TBS with 0.1% SDS and sonicated to 

shear genomic DNA and homogenize the lysate. The cytoplasmic fraction was then 

centrifuged, and the supernatant contained the cytoplasm and membrane fraction. 

  

2.5 Western blot analysis 

After 48 h drug treatments (Section 2.1.2) cells were washed with PBS and 

lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mmol/L Tris-HCL pH 7.5, 

150 mmol/L NaCl, Triton X-100, 0.1% SDS, and 1% sodium deoxycholate, 

Invitrogen), containing protease and phosphatase inhibitors (Thermo Fisher Scientific, 
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Carlsbad, CA). The lysates were sonicated and cleared of cell debris by centrifugation. 

The supernatants were used to determine protein concentration using a BCA assay 

(Invitrogen). Samples containing approximately 25 μg of protein and Laemlli 4x 

sample buffer (Bio-Rad, Hercules, CA) with -mercaptoethanol (Thermo Fisher 

Scientific, Carlsbad, CA) were heated at 100 °C for 5 m. Proteins (approximately 25 

µg per lane) were resolved by SDS-PAGE on 10% Tris-glycine gels, transferred to 

nitrocellulose membranes and blocked for 1 hour at room temperature in 5% milk in 

PBST (Phosphate buffered saline containing 0.03% Tween-20). The membranes were 

then incubated overnight at 4 °C in primary antibody diluted in buffer containing 5% 

BSA. Membranes were then washed in PBST and incubated for 1 h at room 

temperature with the appropriate horseradish peroxidase-conjugated secondary 

antibody (Cell Signaling) in 5% milk/PBST. After secondary incubation the 

membranes were washed with PBST and developed using chemiluminescent substrate 

(Bio-Rad, Hercules, CA). GAPDH antibody was used as the loading control. Western 

blot band intensity was determined using the LI-COR (Lincoln, NE). Band intensity 

was calculated using Image J (NIH, Bethesda, MD). Students t-test analysis was 

performed to determine statistical significance.  

2.6 Immunostaining and Immunofluorescence 

143B cells (2x 103) were grown on glass coverslips (precoated with 0.01% w/v 

poly-L-lysine) in 12-well plates and were treated with the appropriate drug in the same 

manner as stated previously. After 48 hours cells were fixed with 4% 

paraformaldehyde and permeabilized using 2% Triton X-100 in PBS and blocked with 

5% horse serum. Cells were immunostained with anti-p27 rabbit monoclonal antibody 

(1:100 dilution) anti-STMN1 rabbit monoclonal antibody (1:100 dilution) overnight at 
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4 °C, followed by an Alexa Fluor 488 anti-rabbit conjugated secondary antibody 

(1:1000 dilution, Thermo Fisher Scientific, Rockford, IL) and Alexa Fluor 647 anti-

mouse conjugated secondary antibody (1:1000 dilution, Thermo Fisher Scientific, 

Rockford, IL) for 1 h at room temperature. Nuclei were counterstained with Hoechst 

33342 (Invitrogen, CA). The coverslips were mounted using SlowFade Gold Anti-

Fade Reagent (Thermo Fisher Scientific, Rockford, IL). Images were obtained using a 

confocal microscope (Zeiss).  

2.7 Immunoprecipitation 

Cell lysates were incubated with anti-p27 antibody overnight for 24 h at 4 °C. 

Samples were then incubated with Protein-G beads (Invitrogen, CA) for 2 h at 4 °C 

and precipitated by centrifugation. Immunoprecipitated complexes were then washed 

with PBST for analysis by mass spectrometry or immunoblot. 

2.8 Mass Spectrometry 

Following immunoprecipitation (Section 2.1.7), samples were resuspended in 

50mM Tris-HCl pH 8.0 (Thermo Fisher Scientific). pH was adjusted to a (Thermo 

Fisher Scientific). Dithiothreitol (DTT, Thermo Fisher Scientific) was then added at a 

1:25 dilution and samples were incubated at 60 °C for 1 h. Indole-3-acetic acid (IAA, 

Thermo Fisher Scientific) was then added at a 1:25 dilution and samples were 

incubated for 30 m at room temperature in the dark. Following incubation trypsin 

(Thermo Fisher Scientific) was added and samples were incubated overnight (at least 

4 h) at 37 °C. Following overnight trypsinization, 50 mM Tris-HCL was added, and 

samples were centrifuged for 1 m. After trypsinization a sample buffer containing 2% 

Trifluoroacetic acid (TFA, Thermo Fisher Scientific), and 20% Acetonitrile (ACN, 
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Thermo Fisher Scientific) was added to each sample yielding a final sample 

concentration of 0.5% TFA in 5% ACN. The C18 spin column was then placed in a 

receiver tube and the “wet” (activation) solution containing 0.1% TFA and 50% ACN 

was used to rinse the resin off the walls of the column. The columns were then 

centrifuged at 1,500 x g for 1 m.  After column activation the Equilibrate Solution 

(0.1% TFA, 5% ACN) was added to the columns and centrifuged. The supernatants 

were then loaded on top of the resin bed, centrifuged and Equilibrate Solution was 

used to wash the column. The columns were then placed into new receiver tubes and 

20 µL of Elution Buffer (0.1% TFA, 70% ACN) was added to the top of the resin bed. 

Following the Elution Buffer, the spin columns were centrifuged the samples were 

dried in a vacuum evaporator. Samples were submitted to the Mass Spectrometry 

Facility (University of Delaware) to be analyzed through the Thermal Q-Exactive 

Orbitrap (Thermo Fisher Scientific). Data analysis was then performed by 

Bioinformatics Core using uniprot (www.uniprot.org). 
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Chapter 3 

RESULTS 

3.1 p27 is located in the nucleus and cytoplasm in human osteosarcoma cells 

Several studies demonstrate a small population of osteosarcoma cells is able to 

evade treatment by using the cell’s compensatory mechanisms to reverse damage and 

continue to proliferate (Sampson, et al., 2016, Kreahline et al., 2014). Our work, as 

well as there’s has shown this involves the aberrant localization of p27 to the 

cytoplasm (Zhao et al., 2014). To determine the subcellular localization of p27 in 

osteosarcoma, I subjected 143B human osteosarcoma cells to immunofluorescence 

staining with antibodies against p27. Figure 3.1A shows prominent nuclear and 

cytoplasmic staining of the p27 protein in 143B cells.  I also examined the presence of 

p27 in nuclear and cytoplasmic fractions isolated from 5 osteosarcoma cell lines 

(SaOS, 143B, HOS, U2OS, MG63), by immunoblot analysis. Figure 3.1 B shows the 

presence of p27 protein in the cytoplasmic fractions of osteosarcoma cell lines, but not 

in control cell lines of CRL-11372, an osteoblast cell line and HFL1, a fibroblast cell 

line. This data demonstrates that p27 is in the nucleus and cytoplasm of osteosarcoma 

cells. 
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Figure 3.1 p27 is expressed in the cytoplasm and nucleus of osteosarcoma. (A) 

Osteosarcoma cells were subjected to immunofluorescence staining using anti-p27 

antibodies. Representative images are shown. p27 is colored red; nuclei were stained 

with Hoechst dye and are colored blue. Magnification is 63x; scale bars = 25 μm  
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(B) Nuclear and cytoplasmic lysates were extracted from osteoblasts (CRL-11372), 

lung fibroblasts (HFL1) and SaOS, 143B, HOS, U2OS, MG63 human osteosarcoma 

cell lines. Lysates were examined by immunoblot analysis with anti-p27 antibody. 

GAPDH was the cytosolic marker and H2B was the nuclear marker. 

3.2 Gemcitabine and palbociclib alone and in combination decrease cell 

viability of osteosarcoma cells  

I next examined the efficacy of targeting CDK4/6 in osteosarcoma. It was 

previously shown that gemcitabine decreased cell viability in human osteosarcoma 

cell lines, (Kreahling et al., 2013). I examined if combining gemcitabine with 

palbociclib, could have an additive effect. To test this, I used the HOS and 143B 

human osteosarcoma cell lines. HOS and 143B are an isogenic pair derived from a 13-

year-old Caucasian female. 143B is a metastatic cell line that is Thymidine Kinase 

negative (TK-) and is derived from HOS which is TK+.  Drug administration is shown 

in figure 3.2 A. Figure 3.2 B and C show that the highest drug toxicity was achieved 

for the specific sequence of gemcitabine administered before palbociclib in 143B and 

HOS cells respectively, in comparison to untreated controls. Palbociclib administered 

before gemcitabine (data not shown) did not significantly decrease cell viability, and 

was less potent than the single agents alone (figure 3.2 B, C). These results suggest 

that chemotherapy enhances the effect of cell cycle inhibition in osteosarcoma cells.  
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Figure 3.2 Gemcitabine and palbociclib alone and in combination decrease cell 

viability of osteosarcoma cells. (A) Table of dosing sequence for drug treatments.  

(B, C) Cell viability plots of osteosarcoma cell lines 143B and HOS respectively 

treated with gemcitabine or palbociclib alone, in combination, and sequentially.  

B 

C 
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At least 3 independent experiments were performed. Each bar represents the mean of 6 

replicates. Error bars represent SD (*p<0.05).  

3.3 Gemcitabine and palbociclib induce different changes in p27 expression in 

osteosarcoma cells 

In our previous studies (Currier et al., 2019), we found that p27 was 

upregulated in cells treated with cell cycle checkpoint inhibitors and induced cell cycle 

arrest. I examined the protein expression of p27 in 143B, and HOS cells after 

treatment with gemcitabine and palbociclib using Western blot analysis. Figure 3.3 A 

shows that in HOS cells, gemcitabine significantly decreased p27 levels. In contrast, 

p27 was significantly increased when the cells were treated with palbociclib alone. 

The simultaneous combination of the two drugs increased the levels of p27 in the cells 

to about the same degree as palbociclib alone, and when palbociclib is administered 

before gemcitabine. However, when the cells are sequentially treated with gemcitabine 

first, and then palbociclib the biggest decrease in p27 was observed. Figure 3.3 B is 

the relative quantification of p27 expression using Image J software. Further, other 

studies (Eymin et al., 1999) suggest that p27 can be cleaved by caspase, and cleavage 

leads to the activation of the proapoptotic pathway. Figure 3.3 C shows that in 143B 

cells increases in cleaved p27 were also observed following drug treatment suggesting 

that cleaved p27 correlates with drug toxicity. The osteoblast cell line, CRL-11372, 

displayed no constitutive p27 expression (figure 3.3 C). Figure 3.3 D is the relative 

quantification of the cleaved p27 bands using Image J software.  

mRNA gene expression of CDKN1B and STMN1 was also assessed in 143B cells 

following treatments. Gemcitabine decreased expression of CDKN1B, while 

palbociclib, and the combination of gemcitabine and palbociclib increased expression 

of CDKN1B (figure 3.3 E). These mRNA changes for CDKN1B correlate with the p27 
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protein changes in figure 3.3 A. Figure 3.3 F shows significant increases for STMN1 

were observed for palbociclib alone and the combination of gemcitabine and 

palbociclib together.  

To determine the subcellular effects of drug treatments on p27 I then subjected 

143B cells to immunofluorescence staining with antibodies against p27, STMN1, β-

tubulin. Figure 3.3 G shows treatment with palbociclib resulted in enlarged cells and 

an increased intensity of nuclear p27 staining. Stathmin is a microtubule destabilizing 

protein that impairs microtubule formation by sequestering tubulin activity. p27 binds 

to STMN1 and inhibits STMN1’s function leading to stabilization of the microtubules 

and the spindles allowing cancer cells to proliferate. STMN1 is located in the 

cytoplasm and colocalizes with p27 (figure 3.3 G). 

I also investigated the effects of gemcitabine and palbociclib on the 

cytoskeleton using immunofluorescence staining of β-tubulin. Figure 3.3 H shows that 

palbociclib showed low levels of disruption of the cytoskeleton. In contrast 

gemcitabine before palbociclib resulted in decreased expression of p27, fewer cells, 

and greater disruption of the cytoskeleton which is an indicator of cellular catastrophe.  

 Taken together, this data supports the hypothesis that the effect of palbociclib 

is enhanced by gemcitabine in vitro and that p27 expression and localization by drug 

treatments may predict osteosarcoma cell death.  
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Figure 3.3 p27 expression changes in osteosarcoma cells following treatment with 

gemcitabine and palbociclib. (A) Lysates were analyzed by immunoblotting with 

antibodies against p27. GAPDH was the protein loading control. At least 3 

independent experiments were performed. Error bars represent SD (* p<0.05). (B) 

Band intensity was plotted based on band intensity using image J software normalized 

to GAPDH as control. At least 3 independent experiments were performed. Error bars 

represent SD (* p<0.05). (C) Lysates were analyzed by immunoblotting with 

antibodies against p27. GAPDH was the protein loading control. At least 3 

independent experiments were performed. Error bars represent SD (* p<0.05). (D) 

Band intensity was plotted based on band intensity using image J software normalized 

to GAPDH as control. At least 3 independent experiments were performed. Error bars 

represent SD (* p<0.05) (E, F) 143B cells were treated with gemcitabine, and 

palbociclib alone as indicated in the graph above. Expression of CDKN1B and STMN1 

were evaluated. mRNA expression was quantified relative to control osteoblasts, 

CRL-11372 (RQ = 1). Fold changes in mRNA levels are normalized to the house 

keeping gene GAPDH. Error bars represent SD. (* p < 0.05). (G, H) 143B 

osteosarcoma cells, and osteosarcoma cells treated with gemcitabine and palbociclib 

were subjected to immunofluorescence staining using anti-p27 antibodies, anti-

STMN1 antibodies, and anti-β-tubulin antibodies. Representative images are shown. 

p27 is colored red, STMN1 and β-tubulin are colored green respectively; nuclei were 

stained with Hoechst dye and are colored blue. Magnification is 63x; scale bars = 25 

μm. 

3.4 p27 interacting proteins in Osteosarcoma 

The current data suggest p27 is a key component in the protein regulatory network of 

osteosarcoma. The function of p27 seems to rely on its localization and its binding 

proteins. To determine whether p27 interacting proteins can be used as drug targets, 

the interactome of p27 was studied. Interacting proteins can be targeting to increase 

cell death in osteosarcoma cells. In order to identify cytoplasmic and nuclear binding 

proteins of p27, I immunoprecipitated p27 protein in 143B osteosarcoma cells using 

anti-p27 antibody. The immunoprecipitated proteins were subjected to mass 

spectrometry (MS/MS) analysis to identify the proteins that were bound to p27. A 

network of these binding proteins and the cellular processes for which they are 

involved was established (figure 3.4 A). The percent of coverage was calculated by 
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dividing the number of amino acids in all peptides by the total number of amino acids 

in the entire protein sequence. Based on coverage, I identified 154 interacting proteins. 

These p27 interactions were used to determine disease network components in 

osteosarcoma cell lines (figure 3.4 B). The table shown below (figure 3.4 C) indicates 

proteins with the highest coverage. These fifteen proteins are localized in the 

cytoplasm, indicated by the red outlines, or in the nucleus, indicated by the gray 

outlines. The cytoskeletal proteins (actin, vimentin, tubulin) are known p27 interacting 

proteins (Fife et al., 2014) that are associated with the regulation of microtubules and 

the actin cytoskeleton. These were among the highly scored p27 interactors. The 

physiological interaction with actin, vimentin and tubulin can enhance cell migration.  

Three additional proteins (-integrin, actinin, and exportin) were chosen to 

confirm their interaction with p27 (figure 3.4 C). Western blot analysis of p27 

immunoprecipitates with anti-β-Integrin, anti-actinin, and anti-exportin antibodies 

show that these proteins co-immunoprecipitated with p27, and validated the mass 

spectrometry data (figure 3.4 D). Interaction with -Integrin and actinin are associated 

with focal adhesion and interaction with exportin allows for nuclear export of p27. 

Further analysis of this data will identify crosstalk between different pathways to 

further build the p27 network and provide a clearer understanding of how p27 controls 

the molecular mechanisms and progression of osteosarcoma tumors. 
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Accession Description Coverage

P06733 Alpha-enolase OS=Homo sapiens OX=9606 GN=ENO1 PE=1 SV=2 - [ENOA_HUMAN] 87.33

P60709 Actin, cytoplasmic 1 OS=Homo sapiens OX=9606 GN=ACTB PE=1 SV=1 - [ACTB_HUMAN] 79.20

P05387 60S acidic ribosomal protein P2 OS=Homo sapiens OX=9606 GN=RPLP2 PE=1 SV=1 - [RLA2_HUMAN] 78.26

P08670 Vimentin OS=Homo sapiens OX=9606 GN=VIM PE=1 SV=4 - [VIME_HUMAN] 76.61

P62937 Peptidyl-prolyl cis-trans isomerase A OS=Homo sapiens OX=9606 GN=PPIA PE=1 SV=2 - [PPIA_HUMAN] 75.15

P62805 Histone H4 OS=Homo sapiens OX=9606 GN=HIST1H4A PE=1 SV=2 - [H4_HUMAN] 72.82

P37802 Transgelin-2 OS=Homo sapiens OX=9606 GN=TAGLN2 PE=1 SV=3 - [TAGL2_HUMAN] 72.36

P22392 Nucleoside diphosphate kinase B OS=Homo sapiens OX=9606 GN=NME2 PE=1 SV=1 - [NDKB_HUMAN] 71.71

P07355 Annexin A2 OS=Homo sapiens OX=9606 GN=ANXA2 PE=1 SV=2 - [ANXA2_HUMAN] 70.80

P61604 10 kDa heat shock protein, mitochondrial OS=Homo sapiens OX=9606 GN=HSPE1 PE=1 SV=2 - [CH10_HUMAN] 69.61

P07437 Tubulin beta chain OS=Homo sapiens OX=9606 GN=TUBB PE=1 SV=2 - [TBB5_HUMAN] 69.59

P60174 Triosephosphate isomerase OS=Homo sapiens OX=9606 GN=TPI1 PE=1 SV=3 - [TPIS_HUMAN] 69.58

P07737 Profilin-1 OS=Homo sapiens OX=9606 GN=PFN1 PE=1 SV=2 - [PROF1_HUMAN] 69.29

P62258 14-3-3 protein epsilon OS=Homo sapiens OX=9606 GN=YWHAE PE=1 SV=1 - [1433E_HUMAN] 67.84

P63241 Eukaryotic translation initiation factor 5A-1 OS=Homo sapiens OX=9606 GN=EIF5A PE=1 SV=2 - [IF5A1_HUMAN] 66.88

P55060 Exportin-2 OS=Homo sapiens OX=9606 GN=CSE1L PE=1 SV=3 - [XPO2_HUMAN] 21.11

P16949 Stathmin OS=Homo sapiens OX=9606 GN=STMN1 PE=1 SV=3 - [STMN1_HUMAN] 28.19

P12814 Alpha-actinin-1 OS=Homo sapiens OX=9606 GN=ACTN1 PE=1 SV=2 - [ACTN1_HUMAN] 41.03

C 

D 



 45 

Figure 3.4 Mass spectrometry determination of p27 binding proteins. (A) 143B 

cells were immunoprecipitated with p27 antibody and subjected to mass 

spectrometry analysis and the interacting proteins were used to establish a 

connectivity map of p27 interactome. Blue represents the validated targets of c-

MYC transcriptional activation, light green represents smooth muscle contraction, 

dark green represents Eukaryotic translation termination/initiation, yellow 

represents cell cycle checkpoints, and purple represents glycolysis/gluconeogenesis 

(B) p27 interactions identify disease network components in osteosarcoma cell 

lines. (C) Table of binding proteins of p27 were acquired after mass spectrometry 

analysis. The proteins outlined in red are located in the cytoplasm whereas the 

proteins that are outlined in gray localized to the nucleus. Three proteins (bottom) 

were chosen to confirm p27 binding (D) p27 was immunoprecipitated from 143B 

cell lysates. Immunoprecipitates were separated using Western blot analysis using 

antibodies against β-Integrin, actinin, and exportin. Images show short and long 

exposure times. 
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Chapter 4 

DISCUSSION AND FUTURE DIRECTIONS 

Osteosarcoma tumors have highly variable biological and genetic features and 

no mutation is frequent enough to target for therapy. Furthermore, tumors can evolve 

into drug resistant phenotypes following drug treatments. This highlights the clinical 

need for new treatment strategies. Despite promising preclinical data, there has been 

limited clinical successes with new drugs that have been tested. Understanding the 

underlying biology of tumors will aid the development of new therapies. The cell 

cycle is a common target for anti-cancer drugs because tumor cells proliferate when 

most cells in the body enter G0 and exit the cell cycle. 

Increased signaling through CDKs is frequently observed in cancer. In the past 

year, increasingly specific, orally administered small molecule cell cycle inhibitors 

directed to CDK4/6 (palbociclib, abemaciclib, ribociclib) have been approved for 

treatment of advanced breast cancer, generating renewed interest in cell cycle 

inhibition as a therapeutic strategy. These agents inhibit the activity of key checkpoint 

controls that halt cell cycle progression and induce cell cycle arrest. However, the 

early results of clinical testing suggest these inhibitors are not highly effective as 

monotherapies and should be studied in combination strategies. Further, predictive 

markers could help stratify responders. Therefore, understanding the role of p27 in 

osteosarcoma may provide opportunities for the development of predictive markers 

and new treatments. 

In this study, I examined p27 expression and localization in osteosarcoma 

cells. I showed that p27 is present in the nucleus as well as the cytoplasm. Further, 

cytoplasmic p27 colocalizes with STMN1 protein. In normal cells, STMN1 binds β-



 47 

tubulin monomers to destabilize microtubules. Therefore, STMN1 association with 

p27 can prevent microtubule destabilization, suggesting that p27 functions in the 

regulation of microtubule dynamics in osteosarcoma. This is supported by the work of 

other labs (Baldassarre et al., 2005) that demonstrates a role for p27 in cell migration 

and invasion in cancer cells. Collectively, these results suggest that p27 could act as an 

oncogene, through non-CDK interactions in the cytoplasm. 

I also examined how p27 affects the response of osteosarcoma cells to the 

chemotherapeutic agent gemcitabine and CDK4/6 inhibition therapy. Data from 

Western blots and immunofluorescence staining show gemcitabine reduced p27 

expression in osteosarcoma cell lines while palbociclib treatment increased p27 levels 

in the nucleus and increased the tumor suppressor function by arresting the cells, 

presumably in G1-phase. When both drugs were combined, the cell response is 

dependent on the sequence of drug administration. When palbociclib was administered 

before gemcitabine, the decrease in cell viability was not significant because it acts 

antagonistically, likely because palbociclib arrested the cells in G1 which blocks 

progression to S-phase. This suggests that pretreatment of cells with palbociclib 

inhibits the activity of gemcitabine. In contrast, when gemcitabine was administered 

before palbociclib, cells with DNA damage that are able to evade cell death cycle to 

G1 and undergo cell cycle arrest mediated by palbociclib. This effectively causes cells 

with DNA damage from gemcitabine to be checked further for damage leading to 

apoptosis. Taken together this data suggests that the dosing sequencing of combining 

cell cycle inhibitors with chemotherapy agents increases toxicity, and that the order of 

dosing sequencing is significant. 
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We propose the use of p27 as a prognostic marker and suggest that that cleaved 

p27 could also be leveraged to inform the efficacy of treatments. In vivo studies using 

preclinical osteosarcoma models will be necessary to further examine these 

mechanisms before translation to clinical trials. These data provide insight to 

mechanisms of how drugs interact with and affect p27 leading to a decrease in cell 

viability for osteosarcoma cells. 

Mass spectrometry analysis has identified several components of the actin 

cytoskeleton and microtubules as p27 interacting proteins (actin, vimentin and 

tubulin). These data support the role of p27 in regulating migration and organization 

of the cytoskeleton. As several p27 interacting proteins are essential for cell processes 

including proliferation and microtubule spindle stability, these results provide 

opportunities for identification of small molecules that target these proteins and 

disrupt these interactions. An in silico analysis suggests the class of microtubule 

targeting agents may be developed to treat osteosarcoma. Several microtubule 

stabilizing (paclitaxel and docetaxel) as well as destabilizing (vincristine and eribulin) 

agents have been clinically tested in osteosarcoma patients. The frequent acquisition 

of drug resistant phenotypes as well as high toxicities are a major setback for the 

development of these therapies. Integration of other p27 interactors may lead to the 

development of novel p27-based combination treatments that may increase potency 

and efficacy of these agents against osteosarcoma. 

Mass spectrometry analysis also demonstrated PI3K, mTOR and c-MYC 

signaling pathways were enriched for highly scored p27 interactors. Activation of the 

PI3K/AKT pathway leads to increased proliferation, transcriptional activity, inhibition 

of apoptosis and renders tumors refractory to therapy. Targeting mTOR with single-
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agents (rapamycin, ridaforolimus, everolimus) and combination strategies (with 

cyclophosphamide or sorafenib) have been tested in clinical trials for patients with 

osteosarcoma, and suggest that there are clinical benefits and the potential for 

progression free survival rates in targeting this pathway. In addition, AKT mediates C-

terminal p27 phosphorylation that drives nuclear to cytoplasmic localization. The 

ability to identify new interacting proteins provides opportunities for developing new 

therapeutic strategies. 

In summary, these results have potential implication for the clinical use of cell 

cycle inhibitors to enhance chemotherapy responses for patients with osteosarcoma. 

However, early clinical trials suggest these agents will be most effective when 

combined with chemotherapy and administered in the most effective dosing sequence 

to increase long-term patient survival. We further suggest that p27 may serve as a 

predictive marker for drug treatments by decreasing cytoplasmic p27 that causes p27-

dependent osteosarcoma cell survival. This work provides a better understanding of 

the complex nature of p27 biological activity that can aid the strategic design of new 

therapies for osteosarcoma patients. 
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