
 

 

ABSTRACT 

KIM, MONICA CHELYNNE. Understanding the Metastatic Phenotype Through Gene and 
Proteomic Analyses. (Under direction of Dr. Marlene Hauck). 
 
 
 Cancer is a disease of accumulated mutations, found in nearly all hi20gher order species. 

As lifespan increases, so does the incidence rates of cancer, as age is a correlative indicator of 

this broad spectrum of malignant neoplasias. Despite advances in diagnostic technology and our 

understanding of cancer on a molecular level, the same cannot be said in our treatment of 

cancer. In particular, while most soft-tissue sarcomas (STS) are representative of solid tumors 

and can be effectively treated locally with surgery and radiation therapy, their challenge is the 

identification of patients which will metastasize, and effectively treating this metastasis. Up to 

half of all canine patients will die due the disease, primarily due to metastasis, and it is difficult to 

accurately determine which canine patients will develop metastasis. Veterinary oncology needs a 

better means of treating STS, but as of yet, the field lacks a means of identifying tumors which 

will metastasize and their potential molecular targets for therapy.  

The author’s project utilizes differentially expressed gene and proteomic data from 

canine tumor samples. While all tumors are a culmination of various genetic mutations, there is 

clear evidence that some mutations carry more significance in metastasis than others [1-3]. These 

“driver” mutations are identified as bearing the core responsibility in creating neoplastic cells 

and progressive disease, including metastasis. As such, they carry significantly greater impact 

than the tumors’ “passenger” mutations and thus, likely play a role in the development of the 

metastatic phenotype.  



 

 

One means of determining the proteins and pathways which drive the metastatic 

phenotype is to examine what is differentially expressed between metastatic and non-metastatic 

tumors. Separating the samples via their metastatic or non-metastatic outcome allowed us to 

determine shared genes and proteins among each of the two groups. Pathway analysis was 

performed to find specific proteins and genes which may be up-regulated in either group of 

samples. Data merging was also performed between genetic and proteomic expression to data to 

discover common trends, or molecular signature that is distinctly metastatic versus non-

metastatic. Mapping patterns of mutations or differential expression may be prognostic for 

cancers, such as predicting the likelihood of metastasis, and holds promising results in 

identifying novel targets for next generation therapeutics.
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INTRODUCTION 
 
 Cancer is not a new disease. In fact, cancer has been found in fossilized dinosaur remains 

from over 200 million year ago[6]. There is evidence dinosaurs had oral lesions, hemangiomas, 

osteosarcomas, and metastatic cancer not unlike the same diseases faced by ancient civilizations 

and by mammals today [7-9]. Papyrus recordings by the ancient Egyptians (3000-800 B.C.) detail 

evidence of both benign and malignant tumors and even treatment via surgical excision [6, 10]. 

Their mummification techniques allowed for histological verification from a mummy dated 

approximately CE 200-400 demonstrating that cancer is indeed, an old disease in humans [11]. 

In 1932, Dr. Louis Leakey discovered a fossilized partial jaw belonging to an early hominid with 

an abnormal tumor-like growth, not unlike what we now call Burkitt’s lymphoma. The history of 

cancer has not always been well-recorded, but it is known that even its prototypic form was 

tenacious enough of a problem to continue plaguing the higher-order species today. 

 The study and treatment of cancer has a unique place in medicinal history. Due to 

limited analgesics and anesthesia, the ancient Egyptians were limited to treatment of superficial 

tumors, and Hippocrates warned of internal cancer surgery [6]. It is only in during the 

Renaissance that anatomical studies and pathological descriptions become more common among 

doctors and scientists. French surgeon, Le Dran (1685-1770) suggested that cancer spread 

through the lymph system and was one of the first scientists to suggest cancer is a local disease, 

and not a systemic malady[12]. Sir Percivall Pott, an English surgeon (1714-1788) was the first 

scientist to demonstrate an occupational association between environment and cancer. His 

noticed that chimney sweepers had an unusually high rate of colorectal cancer. With the 

invention of Robert Hooke’s (1635-1703) microscope,  the term “metastasis”  became possible 
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as Joseph Recamier (1774-1852) noted the pernicious invasion of veins as a way to define the 

spread of cancer[13].   

 However, it is not until the nineteenth century when Waldeyer’s proposal of tumor 

initiation, growth, and invasion via circulatory system as a step-by-step progression that the field 

become a more defined area study.  Dr. Rudolf Virchow (1821-1902) noted that sites of local 

irritation coincided with tumor formation and thus suggested that chronic injury to a particular 

site may cause cancer [14]. In 1889, Stephen Paget published his “seed and soil hypothesis” to 

describe how cancer cells are very much like seeds that need an ideal soil, or growth 

environment to proliferate. His hypothesis is still applicable to the study of metastasis today. 

 In 1902, Theodor Heinrich Boveri suggested that cancer cells originate from a normal 

cell whose chromosomes were abnormal[15].  As such, the German biologist suggested 

carcinogenesis was the result of chemical, physical, or radiative insults to the cell[16]. It was not 

until 1915 that the work of Thomas Morgan confirmed his beliefs. American researcher Alfred 

Knudson, Jr. formulated a hypothesis in 1971 which explains the effects of mutation on 

carcinogenesis[17]. 

 All of the aforementioned scientists shaped how we study and treat cancer, and many of 

their works are still relevant to our understanding of the disease today. Current resources and 

technologies have expanded that non-pediatric cancers are typically a disease correlated with age, 

and its distribution and burden varies among diverse demographic groups. Rates of fatality and 

metastasis differ depending on the specific cancer, but all cancers with metastasis typically have 

poor prognosis. 
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Paget’s “seed and soil” hypothesis was an earlier attempt at describing what the field 

now calls “metastasis”, or the spread of cancer cells to a new, distant site. Metastasis occurs 

through a series of six steps, all of which require a neoplastic cell to acquire a complex 

arrangement of metabolic, motile, and apoptotic evasive signaling cascades. In order for a new 

tumor to be created at a satellite location, metastatic tumor cells from the original site need to 

detach from the primary lesion, enter a lymphatic and/or circulatory system, survive in the 

circulatory system, arrest and extravasate themselves at the new site, then survive and proliferate 

at the new location. Areas high in circulatory and capillary bed density, such as lung and liver 

have a higher propensity for being the site of a metastatic lesion [18, 19]. Throughout this 

process of invasion, metastatic cells must survive the immune system’s attack. 

Soft tissue sarcomas (STS) (from the Greek sarkoma, meaning “fleshy growth”) are rare 

type of disease in humans, accounting for only about 1% of all cancer cases. As such, 

appropriate therapy based on sarcoma-specific practice and knowledge is much less prevalent 

than with other types of cancers.  What is known are some shared biological features including: 

1) pseudoencapsulated tumors with poorly defined histologic margins 2) a tendency to infiltrate 

through facial planes, 3) metastasis through circulatory routes 4) local recurrence is common 

with conservative excision 5) arise from any site in the body 6) respond poorly to chemotherapy 

and radiation therapy in cases where gross tumor is present[20]. 

Most STS grow in a centrifugal manner, and the increase in cell numbers and size of 

lesion leads to compression and atrophy of nearby normal tissue[21]. This particular phenotypes 

makes up the gross pseudocapsule and often belays false hope of a clean resection when in 

reality, it is reactive fibrovascular tissue[22].  Surrounding the compression area, or 
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pseudocapsule, are inflammatory cells which presents additional complications for therapy such 

as being subject to local recurrence and being incompletely excised. In high grade tumors, finger-

like protrusions of neoplastic cells can lead to satellite, or distant lesions, better known as 

metastatic tumors[23]. 

The American Cancer Institute estimates there are more than 11,400 new cases of STS 

cases each year[24]. However, due to histological diagnostic conflicts and ambiguity, it is very 

possible that this number is greater and the disease pernicious with only fair number of diseases 

controlled. A 30 year study at Memorial Sloane–Kettering Cancer Center found that distribution 

of the grade of adult STS (excluding gastrointestinal stromal tumors) of 7,917 cases have the 

majority of STS with high grade at 65%[25]. The diagnoses of high-grade STS is disconcerting 

due to the predilection of high-grade sarcomas to metastasize than low-grade STS. Furthermore, 

7,435 patients of a totally of 8,578 have the primary lesion at a deep site, which poses challenges 

to surgical excision and/or radiation therapy and increased risk of local recurrence [25]. The 

overall survival rate in Europe is not even 50%[21]. Majority of the tumors (69%) exceed 5 cm 

in diameter, which is typically a sign of poor prognosis in part due to advanced stage of disease.  

Before a tumor advances to become metastatic, a neoplasm must establish itself in a 

primary site, also known as a primary tumor. Cancer itself is not always deadly, as benign, 

localized tumors can be treated with surgery and varying modalities of therapy. Current 

treatment options for primary tumors in humans include excision, chemotherapy, and radiation 

therapy, and determination of a treatment plan is very dependent upon the histopathologic grade 

and completeness of excision [Fig.1].  
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Fig. 1 – Soft Tissue Sarcoma Treatment Map. Outline hierarchy of steps of treatment 
options for STS. 

 
 
 
 
 
Excision is typically the first step in eliminating the gross tumor. Oncologists aim for a 

“negative margin” or a clean excision of the tumor that leaves no abnormal cell behind in the 

patient. Clean margins have a very low recurrence rate of 2%, whereas positive margins have a 

prognostic significance of local recurrence [Fig.2] [26, 27]. Prior to the publishing of a report by 

the National Cancer Institute in 1982, the surgical approach to resectable STS was 

amputation[28]. As no difference was found in overall survival and limb-sparing surgeries had a 

local recurrence rate of 15%, techniques have since evolved to preserve as much of a functioning 

part of a patient’s limb as possible.  
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As local management of STS primary tumors relies on preserving function of the 

patient’s body without endangering survival. The uncertainty of excising all of the tumor and all 

of its protrusions without endangering post-operative recovery is a challenge. Soft tissue 

sarcomas are mesenchymal in origin and thus, are poorly defined with a pseudocapsule.  As a 

result, local recurrence is not uncommon; balancing stromal tissue positive for neoplastic cells, 

or “dirty margins” with large wounds and limb preservation is difficult[Fig.2]. Limb salvage 

procedures continue be associated with a higher risk of local recurrence [29, 30]. While adjuvant 

chemotherapy has made a significant impact on local control, randomized trials have shown 

overall survival improvements are debatable [31-33].  

A significant example are human patients with malignant fibrous histiocytoma (MFH) 

had a high recurrence rate of approximately 55% in a clinical study [19].  Large margins and 

resections help decrease recurrence rates, but the impact of post-operative recovery can be 

significant.  For example, wound healing complications were found in nearly 30% of patients 

where their limbs were spared [19]. Additionally, studies have demonstrated that while 

amputation may reduce risk of local recurrence, overall patient survival was not shown to be 

statistically different[34]. As such, oncologists address resected tumors with a multimodality 

approach, by also incorporating additional therapy such as chemotherapy and radiation therapy. 

Chemotherapy options include drugs such as doxorubicin, ifosfamide for humans, 

monoclonal antibodies (mAbs) for humans, and tyrosine kinase inhibitors (TKI). Varying 

approaches to administering the chemotherapy include, but are not limited to metronomic, low 

dose and combination use with radiation therapy. While chemotherapy claims to reduce local 
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recurrence and metastasis in STS, there is controversy as to whether its application is effective in 

all patients[35]. 

Chemotherapy efficacy is debatable. A doxorubicin adjuvant chemotherapy study by 

Sarcoma Meta-Analysis Collaboration (SMAC) included fourteen randomized trials of 1568 

patients. The study showed a 10% increase in recurrence-free survival over 10 years, but failed to 

be statistically significant[36]. A more recent study of 18 trials representing 1953 patients using a 

combination more doxorubicin with ifosfamide had increased survival with an 11% death risk 

reduction compared to doxorubicin alone, but the use of more drugs and increased dosage must 

be weighed by the effects including cardiotoxicity [37]. 

Radiation therapy (RT) is used to help oncologists treat the margins of primary tumors, 

in hoping to catch any and all abnormal cells which may have already started growing out from 

the original neoplasia. Coverage is typically complete and thus, misses are rare, with the 

exception of inflammatory tumors which may protrude beyond typical margins. RT is also used 

in adjuvant therapy to limit local recurrence, avoiding amputation, and to help preserve as much 

normal tissue possible by limiting resection margins. Combination therapy, or radiation and local 

therapy, has been shown to improve patient survival. As many as 76% of patients were alive and 

disease-free five years post-treatment [38]. 

Regrettably, radiation therapy is also a causative agent for STS, and not all patients 

receiving radiation therapy benefit[39]. Mechanisms underlying the disease and how to identify 

those benefitting are unknown. Recurring lesions often present themselves at near-field sites of 

surgical margins, possibly due to the compromised health of normal tissue. While radiation-

associated sarcomas are uncommon (5% of all sarcomas), they are typically high grade and 
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associated with poor prognosis[40]. A multivariate analysis for disease-specific survival found 

radiation-associated sarcomas to have worse prognosis than sporadic STS[41]. The risk also 

appears to increase with time, as seen in a study of 15 years in breast carcinomas[42]. Other 

effects of RT include joint stiffness, fibrosis, secondary recurrence, and pathological fractures 

[43, 44]. Radiation therapy carries the considerable risks of the disease it is supposed to 

eliminate.  

The rarity of STS also makes dose administration of radiation therapy unclear. There is 

no definitive proof if the balance of the dose and the side effects of the treatment impact the 

patient’s disease-free survival and for how long. Radiation therapy is associated with decreased 

recurrence rates, but a positive impact on overall survival has not been shown [45, 46]. Adjuvant 

therapy prior to evaluating a tumor makes data collection difficult;  saving a patient’s life takes 

greater precedence than obtaining “clean”, non-irradiated samples[47]. Studying effects of 

radiation on tumor samples remains challenging as preoperative radiation is encouraged despite 

increased wound complications from surgery[48].  

Malignant tumors pose a more serious problem. Spread of a tumor throughout the body 

to a distant site(s) is problematic even with proper treatment, and is typically fatal. A 

retrospective malignant fibrous histiocytoma (MFH) study found that > 30% of patients 

developed lung metastasis despite resection of the primary tumor [19].  Over the course of five 

years, only 39% of patients survived [47].  

Despite the diverse approaches of treating cancers, there is still not definitive cure for 

many metastatic cancers. Increased lifespan in populations across the world makes cancer an 

even more relevant disease as greater numbers of cancer disease occur with increasing age. The 
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World Cancer Research Fund estimated nearly 13 million people had cancer in 2008 and projects 

the number to increase to 21 million in 2030. While all successful therapies attempt to address 

the disease, factors such as cost can be prohibitive for patients to meet all aspects of the 

treatment regimen required.  

A recent survey of 250 cancer human patients across the country by Duke University 

found that two-thirds were covered by Medicare. To pay for cancer drugs, 50% spent less on 

food and clothes, and 43 % borrowed money[49]. Up to 68% of these patients either did not fill 

a prescription, took less than prescribed, or filled part of one. Patients treated at Memorial 

Sloan-Kettering Cancer Center pay more than $11,000 a month for 7 months for ziv-aflibercept, 

a colorectal cancer drug, with a median overall survival of 12.5 months versus 11.7 months for 

placebo [50]. Any new cancer drug on the market has a median cost of $10,000 per month as of 

2010[51]. A 2006 study surveyed patients who reported that one-quarter had used all their 

savings paying for care and 10% of patients report spending more than $18,000 out of 

pocket[51]. Given that the 2011 median income of US households was $50,054 per annum, there 

is a clear need to address the cost of providing healthcare to those in need and ensuring that 

patients receiving these drugs are likely to benefit [52].  

Most of the cost is attributed to drug development and rigorous testing by the FDA. 

Research and development of a new drug into market can often cost a pharmaceutical company 

as much as $11 billion[53].  With only one successful drug of many prototypes brought to 

market, often only being suitable to a small target treatment subgroup of a specific cancer type. 

These costs are passed unto patients. Application is limited by cost and progression of disease.  

For example, crizotinib is a new lung cancer treatment that targets a gene that is present in only 
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5% of lung cancers. However, of that target market, the drug helps 60% of those patients[54]. It 

is still too early to tell how much expensive new drugs help with long term control of metastasis 

as survival studies have not been completed. Patients are increasingly administered drugs new to 

market earlier because of their targeted therapeutic effects; often for the rest of their lives with a 

price tag in excess of $100,000 per year[55]. 

Treatment of cancer, while improving, has numerous shortcomings beyond just the 

financial burdens and limited surgical and therapeutic options. Given the rarity of STS, study of 

this disease in people is difficult. However, STS may be studied in a similar context beyond our 

species.  

STS account for 15% of all cutaneous and subcutaneous cases in canines[4]. High grade 

tumors have up to a 40% metastatic rate; this is still a fairly large number, but the opposite 

perspective means that 60% of dogs who receive chemotherapy won’t metastasize and thus do 

not benefit from chemotherapy. However, tumors that recur have a higher probability of 

metastasizing. Unfortunately, recurring tumors in canines with gross radiation only treatment 

was high with 48%-67% patients after the first year, and 33% survival after the second year [56]. 

Noting that gross disease radiation is markedly less effective than radiation treatment of local 

disease, neither method addresses the biological basis of which STS are likely to metastasize. By 

improving our probability of accurately predicting which canine tumors are likely to metastasize, 

we can trim therapies that are excessive for patients who won’t benefit from treatment and 

prevent them the complications, financial burden, and side effects.  

As we continue to expand our understanding of cancer on a more functional genomic 

level, we have developed targeted therapeutics.  However, none of them definitively cure cancer, 
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and often only extend patients’ life by a few months at the cost of tens of thousands of dollars. 

Possible uses include not only in a metastatic setting, but earlier in the course of a disease, such 

as prior to metastasis. Such treatment options would not only have greatest impact, but possibly 

reduce the cost of follow-up treatments by reducing the malignancy of the disease. 

Up to 50% of all canine patients develop metastasis and die despite local therapy[56]. 

The mainstay of treatment for canine patients is a wide surgical resection, as cosmetic and 

reconstructive surgery has advanced significantly in the past two decades. Surgical therapy is 

typically involved for most STS cases where removal of the primary tumor has the greatest 

impact in a patient’s likelihood of surviving the disease. 

Radiation therapy is also important for treating canine patients [22, 57, 58]. A 

combination of radiation therapy and surgery or radiation therapy, chemotherapy, and/or 

hyperthermia has made an impact in decreasing local recurrence and size of the tumor, although 

it is less effective for bulkier, larger tumors[20, 57, 59-62]. Single  modality treatment is typically 

less effective than multi-modality treatment. Radiation therapy is also used for patients whose 

owners wish to preserve a limb or when gross salvage is not possible. Pre- and post-operative 

radiation therapy carry their unique advantages and disadvantages. Benefits of preoperative 

radiation include a smaller field and possible consolidation of the primary tumor, along with a 

more robust coverage of the field in question. However, wound healing complications may be a 

considerable cost, especially if the resection field is large and can compromise the recovery of 

the patient. 

While advancements resection and radiation therapy between humans and canines are 

largely alike in modern practice, the same cannot be said for chemotherapy. Unfortunately, 
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veterinary oncology has yet to develop mAbs and there is no commercially available tyrosine 

kinase inhibitors (TKIs) demonstrating STS activity in companion animals. Specialized drugs for 

humans hit the market every year, yet because the companion animal demographic is 

significantly smaller in economic pool, similar efforts for targeted therapies are very much 

behind what is available in human medicine. Doxorubicin and a few TKIs are administered 

today with some success, but a continued regimen of monitoring and regular treatments 

requiring hospital visits is a considerable financial burden on canine owners. 

Financial burden of cancer treatment is also prevalent in veterinary care. As an example, 

a single session of therapy at North Carolina State University’s Veterinary Hospital can range 

anywhere from a consultation and screening of $400-$600 to as much as $1200-$1400 per 

visit[63]. This does not include the next step if an animal patient is found to be positive for a 

neoplasia and requires weeks or months of therapy, monitoring, and consultation.  All these 

treatment options are not only expensive, but must be balanced with the patients’ quality of life 

during therapy. Cardiotoxicity is a very real problem as up to 25% of dogs receiving doxorubicin 

demonstrate heart damage from the very drug that is supposed to treat their cancer[4, 56].  

Additionally, there is debate on the efficacy of all modalities of cancer treatment. These 

treatments are met with some success for non-metastatic tumors, but metastatic tumors not only 

pose a more lethal problem and are coupled with less success with current treatment options. 

Clearly, therapies which appropriately treat the cause of the problem, rather than a “blanket” 

approach of a treatment regimen which is generally cytotoxic to all replicating cells is needed in 

veterinary oncology.  
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Metastatic cancers create particularly invasive cells which trespass from their original 

location. These lamellipodia are known as pseudopodia or invadopodia and are critical in driving 

cancer cells from the tumor body. By remodeling their cytoskeleton and generating enough force 

to penetrate circulatory vasculature, they can migrate and attach themselves in distant sites. 

Metastatic “nodules” are often the most difficult to treat, as excision is not possible, and 

cytotoxicity of radiation and chemotherapy must be balanced with the patient’s well-being. After 

the neoplastic cells are motile, it is simply a matter of time before these cells extravasate at a site, 

typically well-perfused, such as the liver or lung. Establishment of their new satellite location 

seals the metastatic process provided they survive the body’s immune system. 

Tumors can be roughly divided into two categories: hematopoetic and solid tumors. 

Primary hematopoetic tumors are either lymphoid or myeloid [64]. Solid tumors, or neoplasms 

are defined as a mass of abnormal tissue from the growth of abnormal cells. Soft tissue sarcomas 

(STS) represent approximately 1% of the U.S. population presents itself with new cases each 

year and there are no known cures for any of the 50-100 histologic subtypes of STS beyond early 

detection and aggressive treatment. Unlike human cases, approximately 15% of all cutaneous 

and subcutaneous cases in canines are STS [4]. This statistic represents an opportunity to study 

STS in greater detail due to the higher incidence rate in an animal species that shares many 

biological and living conditions characteristics as humans. 

Canines and humans are more alike than other similar animal models and share a great 

potential in sharing cross-relevant data in cancer research. There are currently over 4 million pet 

dogs in the United States and they make an ideal pool from which to study disease prevalence 

and impact of breed. Both humans and dogs are higher order mammals, and thus have the same 
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heterogeneity within tumors as complex beings. Because canines have higher rates of STS with a 

large population, they make an ideal representative group for study. Dogs and humans share the 

same habitat and lifestyle, whereas no other laboratory or farm animal model may claim the 

same. By living in the same environment as humans, both humans and canines are exposed to 

similar carcinogens. Since they are companion animals, their long lifespan is an added bonus 

allowing for long-term studies in disease development. While the murine model offers particular 

advantages in its small size and living requirements, they must be induced with tumors and as 

such, their study is often an unnatural mimic of a tumor’s progression. Comparative medicine 

highlights the importance that genetic homology is greater between humans and canines than 

with any other current animal model [65, 66]. In addition, canines and humans develop 

neoplasias spontaneously. Porcine models are more closely related to humans, but do not 

compete with the same benefit of living as companion animals in the same environment as 

humans and become costly to maintain in long-term studies.  

Currently, there is no robust solution which successfully identifies an individual patient’s 

tumor’s targets [67]. While complete excision of a primary tumor caught in early stages of 

development has good prognosis, the same cannot be said of tumors in later stages when their 

metabolic phenotype is more aggressive or when adjuvant therapy arguably has mixed results in 

efficacy as well as potential to increase complications of recovery and aggravate disease. 

Oncology of both human and veterinary fields require further research in establishing a 

consistent, successful treatment regimen that targets tumors specifically without the cost to the 

quality of the patient’s life or increasing unnecessary financial burdens for ineffective treatment. 

A better understanding of the metastatic phenotype is the first step that must be taken. 
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One of the obstacles in all fields of oncology is the extremely complex and diverse array 

of cancers that exist. In order to identify the extent of a tumor’s malignancy, they must first be 

graded. Grading is in essence, a morphological translation of a tumor’s biology. In 1920, Broders 

was the first doctor to attempt tumor differentiation using mitotic activity, but this was solely 

based on qualitative impression[68]. It was only in 1977 that Russell compiled over 1000 human 

patients, but his system was still subjective due to lack of objective criteria [68, 69].  However, in 

1984, Costa constructed a number scheme relying on six factors (histological type, necrosis, 

pleomorphism, cellularity, mitosis, and presence of matrix). Other scientists in the field had 

similar factors as being important for prognosis, but with varying emphasis on the particular 

factors [68, 69]. Costa’s multivariate analysis become the framework for the National Cancer 

Institute’s (NCI) grading scheme. 

In order for a tumor to be graded, a sample which is representative of the tumor must 

first be harvested from a patient. There are three major methods for obtaining a sample: 1) fine-

needle aspiration (FNA) 2) core needle biopsy (CNB) or 3) incisional biopsy. FNA is the least 

invasive method due its relatively small excisional volume and entry into the tumor. Only a few 

cells are extracted for cytology, but not enough sample is obtained for histopathology to 

perform grading. Oncologists often choose this method because it can be accomplished without  

anesthesia and risks the least amount in disseminating neoplastic cells to nearby tissue during 

withdrawal from the primary site. CNBs can be performed with local anesthesia and provides a 

greater amount of tissue and is thus, a more representative tumor sample. Oncologists may 

choose to employ this method if additional information about subtype can be garnered from 
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histopathology. Finally, incisional biopsy grants the largest amount of sample for all three 

methods. This method is often necessary to ensure a biopsy will yield diagnostic tissue. 

Both veterinary and human oncology use in the U.S. use a grading system based on 

mitotic index, percentage of necrosis, and degree of differentiation [68, 70, 71]. However, the 

subjectivity of application due to the grading scheme’s structure may be of one of the reasons 

for the large ranges in the statistics on metastasis and patient survival[72, 73]. This is not the 

fault of the histopathologists, rather the system(s) which they employ. 

The mostly commonly used system in Europe and U.S. are the Trojani grading system 

published by French Federation of Cancer Centres (FFCC) grading and the NCI, respectively 

[71].  The Trojani system uses tumor differentiation, mitotic index, and proportion of tumor 

necrosis to grade tumors [69, 74]. While there are no universally accepted tumor grading 

protocols, guidelines by the National Comprehensive Cancer Network (NCCN), the European 

Society of Medical Oncology (ESMO) and the Dutch Cooperative Group for Soft Tissue 

Tumors are the common standards used by oncologists throughout the world [75]. 

While there may be a handful of grading schemes used across the world, no grading 

scheme truly makes the distinction between benign and malignant tumors. Pseudosarcomas may 

have a high grade due to proliferative fasciitis and nodular characteristics. Additionally, STS 

grading is also not applicable to all sarcoma subtypes. While this grading system may be 

predictive, its prognostic value in certain locations are not ascertained[69]. Grading is the result 

of a visual inspection of a tumor sample. Despite following grading standards, the results are 

often challenged and remains controversial due a subjective, visual system of evaluation [69, 70, 

72, 76-79].  Histopathologists also argue that each type of STS has a different predictive value, 
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and the development of a specific grading scheme for each sarcoma subtype is impractical given 

the variability of STSs. 

Although low grade tumors have good prognosis with resection alone, higher-grade 

sarcomas are typically associated with greater recurrence rates and metastatic potential. 

Inappropriate categorization of tumor grading may ultimately inaccurately represent a tumor that 

needs aggressive therapy. Vice versa, low-grade tumors may not benefit from a barrage of 

therapy options and may, in fact, increase risk of toxicity as discussed earlier. Devising an 

intervention regimen for saving a patient’s life remains a challenge for oncologists who rely on a 

histopathologist’s interpretation of tumor samples, which may not always be representative of a 

tumor’s behavior. These various gaps in our knowledge impact the practice of treating cancer 

and require a better understanding of the biological basis of metastasis. 

One approach to improving the prognostic abilities for STS would be to establish an 

objective, biological basis of a proteomic signature which STSs utilize in developing their 

metastatic phenotype[80]. There have been multiple attempts at better characterizing STSs using 

a variety of methods, including, but not limited to: vasculature, immunohistochemistry, cellular 

pleomorphism, and mitotic activity[69]. By enacting quantitative thresholds and standards, 

prognostic studies in humans and canines would allow both fields of oncology to have accurate 

tools with which to accurately diagnose the malignancy of these tumors. In addition, oncologists 

would be better informed in the specifics of the tumor biology to provide targeted therapy in 

finding a cure for this aggressive type of cancer. 

 In principle, there are many possible biological signatures to establish metastatic profiles. 

While gene expression profiling is not a new idea, proteomic expression profiling offers the 
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determinative proof that gene expression assumes with predictive protein levels [81].  Gene 

expression levels measures the levels of mRNA, but this data is not always indicative actual 

protein production. Protein expression profiling is a new approach to studying cancer, and is 

particularly novel within the veterinary field. Armed with both gene expression and proteomic 

expression data, we hoped to identify proteins that were clearly significant in determining the 

metastatic phenotype than was possible with either data set alone. 

 In order to create this outline of what a metastatic tumor vs. a non-metastatic tumor 

looks like, a proteomic map for canine sarcoma pathway analysis was necessary. Using pattern-

matching tools to detect similarities and differences in up and down-regulated fold changes 

among proteins and genes found among metastatic and non-metastatic samples. By finding these 

hallmark differences, discovery of key proteins as trademarks of metastatic development may 

yield previously undiscovered findings for more targeted therapy of personalized medicine for 

cancer patients. 

MATERIALS AND METHODS 
 

 Twenty-four metastatic and twelve non-metastatic canine samples were used for gene 

expression profiling using Affymetrix’s Canine Array Chip 2.0. A preliminary analysis for 

differential gene expression using software package TM4 was completed prior to using a 

standard false discovery rate (FDR) of 5% from Random Forest Analysis (RFA). Dr. Xin 

Wang’s analysis yielded a tiered list of 276 differentially expressed genes in metastatic and non-

metastatic pools which will be used in a separate project to determine the minimum number of 

genes which will accurately separate metastatic genes from non-metastatic genes with 70% 

accuracy.   
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 For our proteomic data, eight unique samples from canine species, half of which were 

metastatic STS were used. For the proteomics analysis, 35-80 mg of each tumor was frozen with 

liquid nitrogen, powdered, and lysed using RIPA buffer with 4mM of PMSF, and centrifuged at 

14000 g to separate soluble proteins from cellular debris. The protein expression data was 

generated by Mr. Ken Pendarvis, a collaborator at the university of Arizona.  Fifty µg of each 

soluble fraction was precipitated with 20% by volume trichloroacetic acid.  The precipitated 

proteins and cellular debris pellets were washed twice with 1 ml acetone and dried using vacuum 

centrifugation followed by reduction, alkylation and trypsin digestion as described by McCarthy 

et al. [82].  Following digestion, each fraction was desalted using a peptide microtrap (Michrom 

BioResources) according to the manufacturer's instructions. After desalting, each fraction was 

further cleaned using a strong cation exchange microtrap (Michrom BioResources) to remove 

any residual detergent, which could interfere with the mass spectrometry. Fractions were dried 

and resuspended in 10 µl of 2% acetonitrile, 0.1% formic acid and transferred to low retention 

vials in preparation for separation using reverse phase liquid chromatography. 

An Ultimate 3000 (Dionex) high performance liquid chromatography system coupled with 

an LTQ Velos Pro (Thermo) mass spectrometer were used for peptide separation and mass 

spectrum acquisition. The U3000 was operated at a flow rate of 333 nl per minute and equipped 

with a 75 µm x 10 cm fused silica column packed with Halo C18 reverse phase material 

(Michrom BioResources). Each peptide sample was separated using a 4 h gradient from 2% to 

50% acetonitrile with 0.1% formic acid as a proton source. The column was located on a 

Nanospray Flex Ion Source (Thermo) and connected directly to a stainless steel nanospray 

emitter to minimize peak broadening. Scan parameters for the LTQ Velos Pro were one MS 
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scan followed by 20 MS/MS scans of the 20 most intense peaks, all collected in normal scan 

mode. High energy collisional dissociation (HCD) was chosen as the fragmentation method. 

Dynamic exclusion was enabled with a mass exclusion time of 3 min and a repeat count of 1 

within 30 sec of initial m/z measurement.  

Spectrum matching programs X!tandem [83]and OMSSA [84] were used via the University 

of Arizona High Throughput Computing Center to search mass spectra against the NCBI 

RefSeq release 53 (June 1012) protein set for Canis familiarias. Raw spectra were converted to 

mgf format for analysis. X!tandem was run with 12 threads, precursor and fragment tolerance of 

1500 ppm, and up to two missed tryptic cleavages. OMSSA was run with 12 threads, precursor 

and fragment tolerance of 1.5 Da, up to two missed tryptic cleavages, and set to XML output 

format. Because OMSSA is inherently slower than X!tandem by design, spectra were split into 

10 separate mgf files using Perl prior to searching in order to take advantage of the computing 

power available.  Perl was again used to parse XML search results from both X!tandem and 

OMSSA and organize them by sample. Peptides were accepted if e-values were 0.01 or less and 

single spectrum identifications were rejected unless they were identified by both search engines. 

To verify data set quality, decoy searches were performed in the exact manner as before, but 

with randomized versions of the RefSeq database.  False discovery rates for the non-metastatic 

and metastatic groups were both 3% and 2.8% respectively, indicating the data sets are of 

acceptable quality.  Two thousand fifty three proteins were identified in the non-metastatic 

group and 1966 proteins from the metastatic group.  Identified proteins will be available through 

the PRIDE repository with the dataset identifier at the time of publication [85]. 
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To evaluate differences between non-metastatic and metastatic tumors on a proteome level, 

a differential expression analysis was performed using Perl.  Elution peak intensities for each 

peptide were extracted from corresponding raw data and were coordinated by protein, then by 

replicate.  Proteins not identified in a replicate were represented with the average noise level of 

the replicate's chromatogram for further calculations.  The reasoning behind this is two-fold: 1) 

peptides not identified in a replicate could be present at levels at or below the noise level of the a 

chromatogram causing the mass spectrometer ignore them, and 2) for calculating expression 

ratios of metastatic to non-metastatic, zero cannot be in the denominator.  Replicates were 

normalized by scaling the maximum value to 1.  For each protein, the ratio of metastatic to non-

metastatic was calculated from the replicate intensities.  A Monte Carlo resampling analysis was 

performed to evaluate the significance of the intensity distribution.  For each replicate, a random 

intensity was generated between and including the minimum noise level and maximum intensity 

across all replicates.  A new ratio of metastatic to non-metastatic was calculated and compared to 

the original.  This process was repeated up to one million times, and the number of times the 

random ratio was above or below the experimental ratio was recorded.  From this, a p-value was 

calculated for each distribution to indicate significance.  After resampling, 413 proteins were 

considered to be differentially expressed with a p-value of 0.05 or less.  The results of this 

resampling analysis will be made available in the appropriate NIH repository at the time of 

publication. 

 The statistical analysis method of functional class scoring (FCS) was chosen for analysis 

of the differentially expressed proteins. FCS provides several benefits over the limitations of the 

classically used method of over-represented analysis (ORA). Unlike ORA, FCS does not treat 
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each protein with equal weight and significance, and thus, treats each protein as independent of 

each other. ORA also only uses the most significant proteins, which we had already found, and 

thus, marginally less significant proteins would be dismissed. This loss of information is non-

trivial in proteomic analysis due to small sample sizes and the depth of information mined from 

each contributing sample. Specific advantages of FCS are that the method does not require an 

arbitrary threshold for deciding which samples are significant. FCS uses molecular measurements 

for find coordinated changes within the any given pathway. This tailored analysis accounts for 

dependence between proteins in a pathway. FCS is not without its flaws, yet the sacrifices are 

small in comparison to the best-fit for the data’s needs. FCS treats each pathway independently, 

so overlapping pathways may not be immediately apparent when observing a single pathway.  

 FCS requires three steps. First, computation of differential expression levels of individual 

proteins. This portion of work was performed by Ken Pendarvis, as mentioned earlier. 

Molecular measurements need to be correlated with phenotype using a t-test for our data. The 

second step requires that all proteomic level statistics be aggregated into a single pathway. This 

analysis can account for either multivariate or univariate depending on whether or not 

interdependence among the proteins is to be disregarded. Regardless of the variant chosen, the 

power level of this test depends on the proportion of the differentially expressed proteins in the 

pathway along with its size.  The most appropriate test is the Kolmogorov-Smirnov statistic. 

The final step in our approach to FCS is assessing the statistical significance of the 

pathway-level statistic. The author utilized two software programs for FCS:  Ingenuity Pathway 

Analysis (IPA) and Gene Set Enrichment Analysis (GSEA). Both programs have a stronger 

background and curated database of genes and a growing knowledge base for proteins. 
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Unfortunately, because the data was pre-sorted to contain only the significantly expressed 

proteins, neither software packages were able to find any pathway that was statistically 

significant. In order for FCS to work ideally, a complete dataset would have best served in 

determining a comparative baseline from which the software could have adjusted their threshold 

of statistically significant proteins. 

 Despite the lack of differentially expressed pathways, the significance of having both 

proteomic and gene expression data proved useful in identifying genes/proteins which were 

differentially expressed in both data sets. Results are show in the “Results” portion of this thesis 

as Table 1. The two sources of data were merged using Jump 5 Genomics (JMP5) to find which 

proteins and genes were shared among each group respectively. By separating the data in their 

direction of metastasis, it was possible to overlay them with the gene expression data (Fig.1). 

Our group also evaluated any potential overlaps within our metastatic and non-metastatic 

proteomic data. Indeed, which a whole protein cannot be over-expressed in both data sets due 

to being statistically insignificant, this result would only be possible in the case of isoforms, 

which is the case as will be discussed in the following sections. 

 
 

RESULTS 
 

Due to the large volume of data sets, results have been truncated to represent only the 

most pertinent information. Upon publication of this paper, corresponding data sets of 

proteomic and gene expression will be uploaded to their respective NIH digital repositories.  
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Table 1. Merged data sets of Affymetrix gene expression data and metastatic and Non-Metastatic 
proteomic data. Column headings specify which data sets were specifically merged. 

Proteomic Down 
Direction in Metastasis+ 
Affymetrix 

 Proteomic Up Direction in 
Metastasis  + Affymetrix 

Proteomic Down Direction 
in Metastasis + Proteomic 
Up Direction in Metastasis 

MAP1B DCN ACTR2 

 GAPDH HNRNPD 

 GPI  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Visual representation via Venn diagram of data merging of metastatic gene expression 
and proteomic data. Results are in the purple field. 
 
 

DISCUSSION 
 
 Proteins found both the metastatic and non-metastatic merged proteomic and gene 

expression data will be discussed individually. MAP1B was found to be differentially expressed 

in our non-metastatic group, whereas GAPDH, GPI, and DCN were found to be overexpressed 

in our metastatic data. ACTR2 and HNRNPD were found to be expressed in our metastatic and 

non-metastatic proteomic groups. While these isoforms were not seen to be differentially 
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expressed in our gene expression data, it is unlikely that the array was able to differentiate 

between the different isoforms. In order to better understand the role of these proteins in the 

context of a metastatic phenotype, the anaerobic and oxygen-deprived microenvironment of a 

tumor’s stroma must first be clarified. 

OXIDATIVE STRESS 
 

 Normal, healthy cells have a complex, and tightly tuned system of regulating reactive 

oxygen species (ROS) and their levels respond to a wide array of stimuli, including cytotoxic 

insult. ROS are typically a short-lived agent and while they are made continuously in all cells, 

healthy cells maintain a low, basal level of production by eliminating its accumulation by 

transporting them to the circulation. However, ROS accumulation in neoplasias is extremely 

common. They induce oncogenic signaling cascades that often promote tumor growth, increases 

angiogenesis and inflammation, all common characteristics of a metastatic phenotype [86]. In 

addition, ROS have been implicated in reprogramming cancer cells such that they ultimately 

adapt to the chronic oxidative stress, promoting tumorigenesis and chemotherapeutic resistance 

[87]. Many antineoplastic agents target ROS by increasing their production to overwhelm the 

antioxidant detoxification capacity of cancers and inducing cell death. However, designing a drug 

that staves off normal cell cytotoxicity, without triggering further ROS activity of neoplastic cells 

is a challenge that has not yet been met, nor is this approach deemed likely to be effective [88]. 

In addition to supporting tumor cells, ROS also affect nearby normal cells in the tumor stroma. 

This is particularly disconcerting, as previously mentioned, STS have a poorly-defined 

pseudocapsule; their finger-like protrusions of neoplastic cells from the primary tumor extend 

into the surrounding stroma. High-levels ROS accumulation is toxic, if not carefully regulated by 
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healthy cells, and thus contamination of high levels in ROS may lead to cytotoxicity of healthy 

tissue while promoting a “reactive” or pro-angiogentic stroma. ROS directly and indirectly drive 

anaerobic metabolism which is a hallmark of tumor cells and the metastatic phenotype. 

Oxidative stress plays a considerable role in the function of several of the proteins to be 

discussed. 

MAP1B 
 MAP1B is a 320 kDa cytoskeletal protein which falls in the microtubule-associated 

protein (MAPs) family and is highly expressed in a variety of cancers. MAPs regulate 

microtubule distribution. Microtubules are made of repeating α and β-tubulin heterodimers and 

make up the bulk of a eukaryotic cell’s cytoskeletal structure. Microtubules are dynamic within 

the cell as they control cell transport, motility, differentiation, morphology, and proliferation. As 

such, MAP1B is known to be highly expressed during wound healing, RNA localization 

specification, cell shape maintenance, neural development, including elongation and axon 

growth[89].  

MAP1B is made of three parts, two of which are light chain (LC, C-terminus) and one 

heavy chain (HC, N-terminus) [90, 91]. Both components of MAP1B are able to bind to 

microtubules directly via tubulin and actin[92]. MAP1B has been shown to promote microtubule 

assembly, bind directly to microfilaments[93, 94], and its phosphorylation affects microtubule 

stability [95-97]. There are several interactions involving MAP1B with proteins including 

GAPDH, RASSF1A, p53, and Pes1. All of these proteins are crucial in cell metabolism and 

promote neoplastic behavior, including cell surface remodeling. 
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MAP1B directly binds with GAPDH, an important function in providing local energy 

needs to the dynamic cytoskeletal structure of remodeling cells[90]. GAPDH has been shown to 

localize to the nucleus from the cytoplasm with the introduction of oxidative stress [98-100]. 

GAPDH and microtubules reemerged in the cytoplasm after cytotoxic treatments stopped. The 

co-localization of the two suggest that MAP1B’s reliance on ATP- and GTP- provisions require 

GAPDH’s glycolytic activity, especially after the compromise of cytoskeletal integrity.  

What is interesting is that these GAPDH and MAP1B are overexpressed in two different 

tumor groups: GAPDH is differentially expressed in metastatic data and MAP1B in our non-

metastatic group. With various explanations of GAPDH’s multi-faceted roles in promoting a 

metastatic phenotype, it would be interesting to monitor their relationship, especially in context 

of differential expression in a correlated, albeit reciprocal expression levels depending on 

whether the tumor is metastatic or not. 

Ras association domain-containing protein 1 A (RASSF1A) is a candidate tumor 

suppressor gene and is a MAP that is commonly inactivated in both pediatric and adult cancers. 

An in vitro study found cells with 70% interactive homology between MAP1B and RASSF1A 

found that RASSF1A created microtubule “hyper-stabilized circular bodies”[101].  Two 

missense mutations in the RASSF1A’s coding region disrupted microtubule acetylation, and thus 

lead to depolymerazation. Microtubule acetylation is known to be integral in maintaining less 

dynamic and more stable structure within the cell.  As an opposing example, highly motile cells, 

such as leading-edge fibroblasts have no such acetylation of their microtubules[102]. As such, 

the inhibition of microtubule acetylation is linked with cell motility, a mechanism which is 

required in metastatic cells for invasion of normal tissue. However, because there were increased 
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levels of MAP1B in our non-metastatic group, it is possible that MAP1B provides the stability 

and may have aided in microtubule acetylation. However, there is insufficient research 

demonstrating whether cell motility is caused by the decrease in stable microtubules or by the 

microtubules’ level in acetylation[103]. Association of the two proteins are likely to be important 

in ensuring cell cycle progression and disruption of MAP1B and RASSF1A interaction will not 

only affect cytoskeletal stability, but may promote tumorigenesis. 

Tumor suppressor protein, p53 is known to be important player in cell-cycle regulation, 

apoptosis, cell differentiation, and DNA repair signaling cascades [104, 105]. Findings suggest 

that MAP1B inhibits p53 and doxorubicin-induced apoptosis in SH-SY5Y cells, by directly 

binding with the transactivation and oligomerization domains of p53[106]. This direct binding 

may block association of other activators of p53 and repress transcriptional activity of 

p53.MAP1B may prolong a state of suspension of a non-metastatic cell in which the cell neither 

die nor metastasize. This same study also found that doxorubicin treatment lead to subcellular 

translocation from the cytoplasm to the nucleus, leading to the inhibition of doxorubicin-

induced apoptosis in neuroblastoma cells. Interestingly, doxorubicin had no effect on the levels 

of MAP1B. A knock-down model of MAP1B may be useful in the evaluation of MAP1B as a 

therapeutic target in promoting p53 apoptotic activity. 

 MAP1B has also been found to directly interact with an evolutionarily conserved 

protein, Pes1. Pes1 is indispensable in ribosome neogenesis, and its deregulation has been 

correlated with human diseases, including cancer [107, 108]. Pes1 is commonly expressed in 

proliferating cells, and conversely, is absent or strongly depleted in senescent cells. Studies 

utilizing NIH 3T3 cells showed that reduced expression of Pes1 in nuclei was coupled with 
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overexpression of MAP1B (LC), implying that the interaction is not only direct, but also 

dynamically negative and thus, affecting cell proliferation [109]. Furthermore, loss of Pes1 could 

be explained by MAP1B affecting the cytoskeletal structure of the nucleolus. 

There are also several relevant examples demonstrating an association between MAP1B 

expression and a non-metastatic phenotype. A study found 75% of gastric cancer patients who 

stained positively for internuclear MAP1B patterns had improved post-operative survival ( > 

77% after five years) [110]. A murine neuroblastoma study found Neuro-2a-Ng cells had 

dramatically reduced levels of MAP1B compared to their control cells [111]. Similarly, a 

hippocampal neuron study found that increased expression in MAP1B formed a “microtubule 

system”, perhaps not unlike the “hyper-stabilized circular bodies” mentioned earlier with 

cytoprotective effects from Aβ-neurotoxicity [112]. 

Although MAP1B itself is not the cause of a specific disease, it is clearly involved in 

cytoskeletal deregulation, including in cancer. Recent emerging literature ties MAP1B to a variety 

of other proteins, including p53, RASSF1A, GAPDH, and Pes1. While the exact mechanisms of 

how these interactions encourage a non-metastatic phenotype and not well understood, this 

particular situation points to MAP1B’s main function in promoting cell senescence and 

apoptosis may be the most prominent role among MAP1B’s various functions. It is likely that 

MAP1B forms a scaffold which promotes cytoskeletal stability, as is appropriate for non-

metastatic cells. MAP1B’s effects on cytoskeletal structures by forming associations between 

such proteins which regulate a cell’s ability to maintain a non-metastatic phenotype is 

appropriate for non-metastatic cells, and thus, support our data. Further work in MAP1B’s role 

in cytostatic or apoptotic arrangements is needed.  
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DCN 
  
 
 A tumor microenvironment is a complex arrangement of extracellular matrix elements, 

secreted agents, and stromal cells that directly surround the tumor cells. Cancer cells interact 

with their particular microenvironment to promote tumor growth. Decorin (DCN) is a 50-140 

kDa pericellular proteoglycan, or matrikine, belonging to the small leucine-rich proteoglycan 

(SLRP) family. Matrikines are a group of peptides that are subject to partial proteolysis and 

which regulate cell activities, including cell migration, proliferation, extracellular assembly, and 

apoptosis[113-115]. Decorin is primarily secreted by mesenchymal cells, the same cells from 

which STSs arise.  Decorin is composed predominantly of chondroitin sulfates/dermatan 

sulfates which mediate binding to cytokines and growth factors such as TNF-α and fibroblast 

growth factors (FGF) as well as receptor tyrosine kinases [116-118]. DCN can bind extracellular 

matrix (ECM) components such as thrombospondin, fibronectin, and several types of collagen, 

including those that regulate fibrillogenesis. DCN can also affect cell motility and adhesion via 

inhibition of fibronectin binding and interfere with the integrin-extracellular matrix protein 

interaction[119]. Clearly, DCN is important for tumor-ECM interaction.  

Decorin is involved in several tumor related signaling pathways. Examples include: 

epidermal growth factor receptor (EGFR), MAPK, insulin-like growth factor receptor[120], 

attenuating Erb2, TGF-β, Akt/PKB[121], Smad2[122] as well as activating and up-regulating 

Met and p21, respectively [123-129]. More recent literature supports that cancer cells can alter 

their stroma via active recruitment of pro-inflammatory signals and inflammatory cells to 

promote malignant progression, often known as a “reactive” stroma [130]. Specifically, these 
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stromal cells create a connective tissue framework that is dynamic, and readily responsive to 

tumor cell and stromal cell interaction [131, 132]. 

The established model of DCN’s role in neoplasias categorizes this small protein as anti-

oncogenic, yet more recent studies question DCN’s reputation as such. Various tumors of 

epithelial origin, including breast, ovarian, prostate, lung, colon, and pancreas have low levels of 

decorin, if at all [133, 134]. DCN is induced in stromal tissue by hypomethylation of DCN 

promoter or by tumor-secreted growth factors (GFs). Forced expression of DCN in in vitro 

carcinoma cell lines caused a cytostatic response. This effect is largely explained as DCN’s effect 

in decreasing cell motility by interfering with a cell’s ability to mobilize and disorganize the 

normal structure of matrix proteins. 

However, an osteosarcoma study found their cells to undergo the opposite effect with 

the expression of decorin. Previous studies typically studied decorin in relation to cancer cells of 

epithelial origin, not mesenchymal, despite DCN’s primary presence in mesenchymal tissue. Two 

separate analyses by different groups verified the secretion of DCN by the osteosarcoma 

(MG63) cell line[125]. Interestingly, exogenous DCN does not cause growth arrest on the DCN-

secreting MG63 cells, but caused dosage-dependent inhibition on cell line Saos-2 that does not 

produce decorin [135]. Also, unlike normal cells which respond to DCN by protracted retraction 

of EGFR, the osteosarcoma cells responded to DCN by binding to overexpressed and 

continuously phosphorylated EGFR with increased expression of DCN. As a result, DCN 

expression levels were increased and there was no attenuation of cell growth. Inhibition of 

endogenous decorin expression also had no effect on the cell line’s growth, although cell motility 

was decreased. MG-63 cells also down-regulated the cytostatic effects of TGF-β and PDGF by 
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reducing phosphorylation of their counterpart receptors[136] [137]. While the exact mechanism 

is not well understood, data showed that EGFR overexpression did not require active signaling, 

thus suggesting the increased DCN levels in the MG63 cell line may be caused by extracellular 

EGFR-decorin interaction and stabilization. 

Additionally, DCN expression has been shown to be correlated with increased 

osteosarcoma cell motility as well as angiogenesis in endothelial cells [135, 138]. Ectopic 

expression of decorin in murine endothelial cells resulted in increased expression of VEGF 

expression, a well-known vascular and angiogenic signaling factor [139].  A separate study by 

Cawthorn group has also shown that DCN may cooperate with another novel protein 

(HSP90B1) where elevated expression of both promoted lymph-node metastasis [140]. The site 

is of notable importance as the lymphatic system is a key circulatory system by which neoplastic 

cells detach from the primary tumor to metastasis at a distance site. Our data is consistent with 

Cawthorn’s work as we found high DCN expression in our metastatic cell group. Interestingly, 

DCN overexpression between lymph-node metastatic positive and negative breast cancers are 

associated with decreased overall survival.  

Angiogenesis plays a dual-role in both proliferation and metstasis. New capillary 

formation is necessary for normal tissues to receive the nutrients, oxygen, and removal of waste, 

but can also promote tumor growth and metastasis. Previous studies found no expression of 

decorin in a cultured monolayer of endothelial cells, but found that these endothelial cells 

spontaneously alter morphology in order to synthesize decorin [141]. An in vivo study of 

endothelial cells found decorin to be distributed heavily in capillary neovessels where 

inflammation was most prominent, but not in “resting” cells where macrophages were few and 
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inflammation was absent [142]. No detectable amounts of DCN was found to be expressed in 

endothelial cells in vitro and in vivo with human fetal cells. However, spontaneous morphological 

changes in the cultured cells initiated decorin synthesis and secretion associated with neoplastic 

progression.  

 Additionally, receptors at both the cell and endosome surfaces are able to bind decorin, 

thus creating receptor redundancy at both subcellular areas [143]. Interestingly, inhibition of 

decorin-uptake receptors showed that decorin has multiple pathways of DCN endocytosis 

resulting in activation of cell signaling (including PI3K mediated signaling) in human skin 

fibroblasts. Compartmentalization of signals by endocytosis of receptor tyrosine kinase (RTKs) 

have a direct link with tumorigenesis. Receptor endocytosis can mediate signal transduction by 

spatial and temporal mechanisms, specifically important for polarized cell processes such as cell 

migration. The same signals that trigger endosomal cycling are similar to metastatic factors, 

especially given that DCN differentially binds and inhibits specific RTKs [144]. Increased 

endocytosis and signal recycling activity, along with endosomic accumulation lead to increased 

cell mobility[145, 146]. Finding a concrete link between endocytosis and decorin-mediated 

receptor internalization such as IGFR,VEGFR, and ERBB2 may constitute a better category for 

controlling RTK-dependent tumorigenesis via endocytosis [147]. Targeting a single pathway 

would be unlikely an unlikely method of inhibiting decorin’s effects due to DCN’s multi-

pathway utility.  

As discussed earlier, DCN has been shown to have growth activating properties, 

including activation of EGFR[148]. DCN directly interacts with epidermal growth factor 

receptor (EGFR) and v-erb-b2 avian erythroblastic leukemia viral oncogene homolog 2 
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(ERBB2 ), creating a receptor internalization which results in receptor-mediated intracellular 

signaling for apoptosis[149-151].  With overexpression of decorin in the malignant cell 

environment, it is possible that receptor internalization with endosomes are overrun with 

decorin-heavy signaling and unable to transmit pro-apoptotic signaling. 

Our data provides an exception to the previously accepted decorin-mediated growth 

suppression model. Currently, there is only one known published paper with similar results. Our 

group found differentially expressed DCN in our metastatic group. Matsumine et al. examined 

85 samples from 77 human patients with soft tissue sarcomas[152]. Multivariate analysis revealed 

that decorin expression was prognostic of recurrence and metastasis.  

 Related studies have demonstrated reverting a tumor microenvironment back to a less 

metastatic state may slow or even reverse tumor progression [130, 153-155]. Given that the 

tumor microenvironment is an important part of tumor progression, studying DCN in context 

of tumor stroma rather than within the primary tumor may better define its role in angiogenic 

processes. Stromal therapy has the advantages of minimizing collateral cytotoxicity to 

uninvolved tissues, reversing imbalanced molecular signaling cascades, as well as potentially 

requiring lower doses in comparison to traditional chemotherapies [155].  

Decorin may have distinct pathophysiologic dynamics depending on the specific tumor 

[156]. Cancer cells host a plethora of mutations which inevitably affect their surrounding tissue, 

thus creating a distinct tumor microenvironment from normal tissue. Continued overexpression 

of decorin may prevent pro-apoptotic signals from causing cell death in these abnormal cells. 

Another possibility is that previous literature attempted to examine DCN dynamics from a 

traditional approach of epithelial tumors, overlooking subtleties of tumor type. As mentioned 
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earlier, tumors of mesenchymal origin are highly invasive into their surrounding stroma and 

thus, the tumor microenvironment may play a stronger role in tumor development. Their unique 

development and origin may define decorin as a specific marker for STS.  

GAPDH 
 
 Of core interest is the protein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

GAPDH is also known as G3DPH and has several roles within the cell. A 140 kDa protein with 

tetrameric structure, the majority of GAPDH remains within the cytoplasm. GAPDH also been 

detected in the nucleus, mitochondria, and other small vesicular organelles. While it is has been 

historically used as a reference protein, there is increasing evidence that its highly variable 

expression levels within tumor cells reduces its usefulness as a reference protein [157, 158]. As 

its name suggests, GAPDH is required for the conversion of glyceraldehyde 3-phosphate 

(GADP) to D-1,3-biphosphoglycerate (1,3BPG) in the sixth step of glycolysis. While this role is 

fundamental for any cell’s survival, increasing experimental evidence suggests that 

posttranslational modification and other non-glycolytic functions creates other avenues of utility 

for this macromolecule.   

Experiments using human monocytes have shown that GAPDH mediates the metabolic 

transition from anaerobic metabolism to pentose phosphate respiration[159]. Roles including: 

tRNA exportation [32], membrane remodeling [33] and transportation [34], cytoskeletal 

remodeling [35], DNA repair [36], as well as apoptosis [37-41]. Evidence suggests that 

GAPDH’s diverse roles are in part regulated by posttranslational modification, as well as 

oligomerization and subcellular location. While its expression is high even at basal levels in 

normal conditions, GAPDH expression is up-regulated during stress and presence of mutagens 
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[160]. This finding is congruent with this research, as increased GAPDH was found in the 

metastatic tumors. The differential expression of GAPDH was significantly higher in not only 

our proteomic data, but was within the top five genes differentiating the metastatic group in our 

gene expression data as well. GAPDH has a varied interaction including glycolytic and non-

glycolytic functions throughout subcellular locations, signifying that it is essential for cellular 

growth and development, along with meeting a cell’s energy requirement. Even in stressed 

conditions, GAPDH has multiple avenues of meeting ATP demands (glycolysis and pentose 

phosphate pathway).   

Oxidative stress induces modification of GAPDH’s cysteine residue resulting in 

protection from irreversible inactivation [161, 162]. This modification of S-thiolation is a 

reversible posttranslational modification and evidence provided suggests that this deliberate 

“switch” allows for a dynamic system of a metabolic “balancing act” [Fig.3][163]. By channeling 

incoming carbohydrates from glycolysis to the pentose phosphate pathway, the generated 

NADPH acts as an energy “sink” by which cells have reduced ability to protect themselves from 

oxidative stress. Other studies have also shown GAPDH to mediate cell stress responses to 

oxidative stress such as regulating intracellular 𝐶𝑎2+ signaling [164-166]. Interestingly, GAPDH 

has another cascade of response to oxidative stress including serum deprivation, anoxic or 

hypoxic conditions, as well as higher-acidity in the tumor microenvironment due to ROS 

accumulation. 
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 Fig. 3 – GAPDH in the cytoplasm. GAPDH converts glyceraldehyde-3-phosphate 
(G3P) into 1,3 – biphosphoglycerate (1,3-BPG), needed for either glycolysis or intracellular 
calcium signaling, respectively. Under oxidative stress, GAPDH can undergo reversible S-
thiolation to protect the glycolytic function from irreversible inactivation and thus, redirecting 
glycolysis flux to pentose phosphate pathway to maintain an optimal NADPH/NADP ratio (not 
shown).  Oxidative stress can also trigger GAPDH facilitative binding to Siah, which is a 
cytoprotective measure against the downstream effects of GAPDH-Siah interaction. Oxidation 
of cystein residues on GAPDH leads to irreversible aggregates of GAPDH, which ultimately 
promotes apoptosis and cellular dysfunction. GOSPEL my competitively prevent Siah binding 
with GAPDH, thus having a cytoprotective, as well as inhibitive effect of cellular dyfunction. [5]
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 GAPDH’s cysteine residue can also be subject to the addition of a nitric oxide group via 

S-nitrosylation [Fig.3] [167]. This mechanism is also a reversible posttranslational modification. 

However, downstream in this pathway irreversible sulphonation (-𝑆𝑂3𝐻)  occurs, resulting in 

translocation from the cytoplasm to nucleus.  This sulphonation process requires binding with 

Seven in Absentia Homolog (SIAH), a ubiquitination and proteasome-mediated protein, and 

results in translocations to subcellular domains, atypical for GAPDH, including the nucleus[168].  

Recent reports of a novel protein known as GAPDH’s Competitor of SIAH Protein Enhances 

Life (GOSPEL) negatively regulates this irreversible posttranslational modification by retaining 

GAPDH in the cytoplasm despite the presence of oxidative stress[169].  While SIAH and 

GAPDH association may result in “gain of function”, contributing to a dysfunctional or 

apoptotic phenotype, competition between GOSPEL and SIAH for GAPDH binding may 

explain the homeostatic balance found in neoplastic cells. However, the cytoprotective 

properties of GOSPEL loses their effectiveness once reactive oxygen species exceeds the 

threshold tolerance for this protein[169]. Thus, when SIAH dominates binding of GAPDH over 

GOSPEL, cell dysfunction and apoptosis occurs. Similar studies have shown GOSPEL to be 

damaging to neurons in validating a similar mechanism of S-nitrosylation in an in vivo study with 

a glutamate receptor [170-172]. GAPDH and GOSPEL balance GAPDH’s fate of either S-

nitrosylation vs. S-thiolation. These two branches of response to oxidative stress demonstrate 

how a malignant cell can deregulate and take advantage of an oxygen deprived environment by 

exploiting the pentose phosphate pathway, and by modulating its own signaling for cellular 

dysfunction by upstream inhibition via GOSPEL.  
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Accumulation of GAPDH in the cytoplasm may be common phenotype in neoplastic 

cells. Oxidative stress also promotes accumulation of GAPDH in the cytoplasm, where it 

aggregates in neoplastic cells in certain neurodegenerative diseases[173]. An in vitro study using 

HeLa cells demonstrated that oxidative stress induces amyloid-like fibrils via abnormal, 

irreversible disulfide cysteine residue bonding in GAPDH. The formation of these aggregates 

also promoted cell death in a follow-up in vivo study by methamphetamine, which is a known 

oxidative stressor[174]. In the GAPDH transgenic mice, methamphetamine promoted rapid 

accumulation of GAPDH and neuronal apoptosis.  

 In contrast, there is other evidence of GAPDH’s function within a cell’s cytoskeletal 

structure to bolster its role in neoplasia. GAPDH is also known to facilitate microtubule 

grouping and actin polymerization [175, 176]. An in vitro study exposed NIH 3T3 cells to serum 

deprivation (a method for inducing oxidative stress) and found GAPDH to be co-localized with 

microtubule bundles [177]. This association between the two proteins had a direct impact on 

GAPDH’s glycolytic properties by converting GAPDH into an inactive form via reversible 

dissociation[178]. This reversible dissociation may be key for allowing GAPDH to stay in the 

cytoplasm without consuming highly-demanded energy while remaining in close proximity of 

cell remodeling proteins which would require GAPDH in its active form at a later time. 

GAPDH can also be subject to microtubule “thread-milling” in its glycolytically active form for 

transportation which may allow it to facilitate local glycolysis during cytoskeletal remodeling 

[175, 176]. Localizing GAPDH near the source of high-energy demand subcellular locations are 

key for cell motility and remodeling.  
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 Other roles include GAPDH’s interaction with vesicular fusion and movement 

throughout the cell. An in vitro  study found mutant isoform of GAPDH localized RAB2 (an 

endoplasmic reticulum and cis-golgi membrane protein) to vesicular tubular clusters, which act as 

cargo transportation between the golgi and endoplasmic reticulum [179]. This transportation was 

done without requiring GAPDH’s glycolytic activity. Evidence indicates GAPDH acts as a 

mediator for vesicle movement between cellular components and when it is abnormally 

phosphorylated, allowing membrane fusion [180, 181]. Evaluation of GAPDH beyond its typical 

glycolytic activity reveals that GAPDH may play a greater role in varied modalities than already 

explored. 

GAPDH may aid in mitochondrial repair via aiding mitochondrial outer membrane 

permeability recovery [182]. GAPDH’s presence may provide enough ATP to sustain the 

required mitochondrial repair and prevent complete loss of function. Another study found 

GAPDH’s glycolytic activity to be reduced by a mitochondrial complex inhibitor, along with 

aggregating GAPDH fractions, which is a precursor for cellular deregulation and apoptosis 

[183]. These pro- and anti-apoptotic aspects of GAPDH may help bolster an idea expressed 

previously that GAPDH mediates mechanisms to maintain homeostatic balance, much like 

GOSPEL and Siah competing for GAPDH via reversible and irreversible posttranslational 

modification.  

 As mentioned earlier, GAPDH moves from the cytoplasm to the nucleus when exposed 

to cytotoxic conditions [99, 164, 184-190]. GAPDH may act as a signaling molecule when it is S-

nitrosylated, thus binding to SIAH. This complex then enters the nucleus and affects 

downstream molecules, including activation of p53, a tumor suppressor gene, as well as aiding in 
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degradation of nuclear proteins and thus, triggering apoptotic events[191]. Interestingly, 

GAPDH has also been suggested to stimulate DNA repair, including stimulated expression of 

subunit 2B in histones [192-194]. GAPDH may also aid in accelerating mitosis, or at least 

progressing cell cycle regulation by directly interacting with a nuclear oncogene which inhibits 

cyclin B-CDK1 activity[195]. Another study implicated GAPDH in providing the necessary ATP 

required in hypoxic tissue while mediating cell stress signals [196]. Inactivating GAPDH in both 

in vitro and in vivo nephrons cells and exposing them to hypoxic conditions accelerated apoptosis 

and aggravated ATP depletion. GAPDH in the nucleus has also been found to protect and 

maintain DNA telomeres [197, 198].  

 As described in the “Materials and Methods” section, the proteins were from whole cell 

lysate. This means determining the specific subcellular location of the protein post-extraction is 

not possible. That being said, there is clear evidence that high levels of GAPDH is a hallmark of 

cells exposed to oxidative stress, as is common in the metastatic phenotype. Some of the 

processes which may contribute to a malignant tumor would be GAPDH’s differentially 

expression and may allow it to act both as a recovery mechanism from toxic insults as seen with 

mitochondrial and DNA repair and as a pro-apoptotic agent. Overall actions of GAPDH 

demonstrate that it has multiple roles and its relationship with other homeostatic proteins highly 

expressed in metastatic tissue would be worthy of further investigation. 

 GAPDH is known to have a high level of expression in normal cells, but for the level to 

be so high in malignant cells to have a multi-fold increase for statistically significant differential 

expression both proteomic and gene expression data, suggests it likely contributes to the 

progression of the metastatic phenotype. Because GAPDH serves as a survival mechanism for 
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highly metastatic cells, it is possible that GAPDH can be used a biomolecular marker for 

hypoxia, or stroma where oxygen levels are very low, or non-existent. It would be logical for this 

phenotype to be embodied with a necrotic core. As previously discussed in the “Introduction” 

section of the paper, histopathologists use necrosis as a factor in determining histologic grade 

and prognosis of a neoplasia. While GAPDH expression levels may be too late a sign for 

prognosis, further research may validate its use conveying the metastatic potential of a particular 

tumor.  

Due to its critical presence in aerobic metabolism via glycolysis, it is unlikely that 

GAPDH would be a targetable protein. However, what would be of greater interest would be 

targeting its sulphonation processes under oxidative stress or encouraging apoptosis without 

triggering additional cellular dysfunction in a neoplastic cell. Better understanding of GAPDH’s 

pro- and anti-apoptotic functions is necessary for understanding how GAPDH plays a role in 

the development of the metastatic phenotype. 

 

GPI 
 

Glucose-6-phosphate isomerase (also known as GPI, neuroleukin (NLK), autocrine 

motility factor (AMF), phosphoglucose isomerase (PGI), or phosphohexose isomerase) is a 

cytosolic enzyme responsible for catalyzing the conversion of glucose-6-phosphate into fructose 

6-phosphate in the second step of ten in glycolysis, or the Embden-Meyerhof glycolytic pathway 

[199]. As a well-studied gene and protein, GPI has been correlated with cancer progression and 

poor prognosis in a spectrum of cancers, including breast and colorectal cancer[200]. GPI’s 

multi-level influence in cell motility, angiogenesis, and apoptotic evasion will be discussed. 



 

43 

GPI was originally purified from a human melanoma cell line (A2058) and is a 55 kDa 

cytokine[201]. GPI was found to be differentially expressed in our metastatic group, which 

indicates metastatic cells may have a higher level of glycolysis. As previously shown, anaerobic 

glycolysis is the preferred metabolic pathway for cancer cells[202]. Neoplastic cells often 

persevere, if not thrive, in conditions that would deter growth of normal cells. A 

microenvironment consisting of limited oxygen, elevated levels of ROS, and acidic conditions 

are typical within the tumor’s pseudocapsule of “reactive stroma”.  

Relevant examples of GPI involvement in promoting a metastatic phenotype includes a 

study that evaluated 180 total tumors with protein and mRNA expression profiles [203]. The 

study found that GPI was detected in over 67% of human lung carcinoma cases, with high levels 

of mRNA expression being related to high metastatic potential of non-small cell lung carcinoma 

whereas high levels of protein production may be related to a more invasive phenotype. As 

discussed earlier, the invasion is a key hallmark in metastasis and necessary for a neoplastic cell 

to migrate from the primary body. Transfection of GPI in non-GPI-secreting tumor cells 

resulted in increased GPI production as well as enhanced motility via actin molecule 

rearrangement in A375 melanoma cells [204, 205]. In addition, the GPI protein was found to be 

phosphorylated and there was an increase in mRNA levels [206].  

GPI is widely known to be actively secreted by neoplastic cells and stimulate 

metastasis[207]. GPI secretion has been found to stimulate GPI receptor(s) (GPIR) and lead to 

an augmented expression of GPIR in a dose dependent manner in human melanoma cell line 

A375 and human umbilical vein endothelia cells (HUVECS), respectively [176, 183]. Cancer cells 

often utilize GPI in the microenvironment via the GPI receptor(s) (GPIR1) which is 
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phosphorylated upon binding of GPI in a positive feedback loop for promoting cell growth 

[207]. Overexpression of GPI-GPIR up-regulated small Rho-like GTPases (Rho A and Rac1) 

which ultimately caused actin remodeling[208]. A separate HUVECS study from the same group 

also found that HUVECs cultured with GPI had a 2.5 fold increase in “tube-like structures” 

over controls. The HUVECS finding of “tube-like structures” are more than likely to be 

neovessels as are necessary for angiogenesis. An interesting study would be to evaluate 

cytoskeletal remodeling in concert with DCN. Perhaps these formations have a similar function 

in promoting malignant cell’s motility. 

The high levels of expression of GPI in metastatic tumors agrees with our data and 

supports that GPI expression may promote a metastatic phenotype. There is strong evidence 

which suggests GPI stimulates cytoskeletal remodeling, which is a necessity for metastatic cells 

to invade the surrounding normal tissue.  Maintaining high levels of GPI is necessary for a 

neoplastic cell’s continued survival, especially metastatic cells, which requires increased energy 

for the cell motility and proliferation involved.  

GPI in relation to metabolism and motility has been discussed, but this protein also 

alters cancer cells by increasing angiogenesis and apoptotic evasion.  A murine transfection 

experiment with human cell line HT1080 positive for GPI was found to have four-fold more 

increase in GPI production as well as increased formation of capillary blood vessels compared 

with control cells[209]. The authors concluded that GPI promotes, if not induces angiogenesis 

in endothelial cells.  

GPI enhances the permeability of endothelial and mesenchymal cell layers [176]. A 

breast cancer cell line of MDA-MB-231 demonstrated that GPI expression not only induced 
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morphologic change and loss of both β- & E-cadherin used for cell-to-cell adhesion, but also 

suppressed epithelial marker expression which ultimately lead to epithelial-to-mesenchymal 

transition[210]. The same group then inhibited GPI and found significant attenuation of cell 

invasiveness; so much so that cells enacted a reversal of progression by undergoing 

mesenchymal-to-epithelial transition. Similar results were found with another human cell line 

(DLD-1) for the study of colorectal cancer metastasis [211]. This study suggests that there is 

hope for targeting GPI and that its overexpression is a useful marker of cell motility and 

prognostic of metastasis. Indeed, ursolic acid in cultured murine hepatocarcinoma cells and 

hyperthermia for osteosarcoma patients lead to a quantitative decrease in AMF expression and 

attenuated cancer progression [212] [213]. GPI’s positive interaction with GPIR along with 

vascular endothelial growth factor (VEGF) and VEGF Receptor (VEGFR) stimulates tumor 

cells by enhancing production of VEGF in HUVECs. The self-enhanced VEGF production 

ultimately affects neighboring cells which induce growth signals via PKC and 

phosphatidylinositol 3 kinase (PI3K). 

Last, but not least is GPI’s role in encourage a cell’s ability to evade apoptotic signaling. 

A deregulated cells may utilize GPI both within the cell as well as outside the cell for a two-

pronged approach in self-reinforcing signals for avoiding apoptosis. First, overexpression of 

PGI within the cell directly interacts with MAPK and PI3K, key regulators which would 

negatively control apoptotic cascade via Apaf1 and caspases 3 & 9 [Fig. 4].  
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Figure 4.  PGI Overexpression for anti-apoptotic signaling cascade. Overexpression of PGI 
both within the cell and in the extracellular matrix induces a positive feedback loop which signals 
activation of MAPK and PI3K. These proteins then inhibit pro-apoptotic signals, as well as 
activating AKT/PKB which regulates BAD, another pro-apoptotic protein. Redundancy of anti-
apoptotic signaling function to reinforce multiple levels of signaling by PGI to avoid 
cytotoxicity, an important mechanism for cell survival in a metastatic cell.
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PGI expression outside the cell affects PGIR which also activates both MAPK and 

PI3K as well, expression inside and outside of the cell reinforces the same anti-apoptotic 

signaling pathways. PI3K kinase activates AKT/PKB which not only inhibits caspase 9 but also 

inhibits BAD, a pro-apoptotic signaling molecule. Multiple avenues of anti-apoptotic cascades 

demonstrate a well-reinforced pathway for a metastatic cells’ ability to evade apoptosis and 

would require an equally robust solution for targeting.  

DIFFERENTIALLY EXPRESSED PROTEIN ISOFORMS 
 

Our protein expression data identified all currently known isoforms of ACTR2 and 

HNRNPD. Each of these isoforms have been sequenced in humans and several animal models, 

but little information in how these isoforms affect tumorigenesis and metastasis is available.  

Our group found isoforms of both proteins to be differentially expressed in the metastatic and 

non-metastatic tumors. 

ACTR2 
 

Actin-related protein 2 (ACTR2) is a major constituent in the ARP2/3 complex. This 

complex is essential for cell shape and motility via actin assembly and protrusion. Thin, actin-

dense structures known as lamellipodia exhibit dynamic retraction and extension of the cell 

surface. ACTR2 is an evolutionarily conserved protein and gene, including murine, drosophila, 

canine and human species. Its genetic homology suggests that ACTR2 is an important protein 

for a broad order of organisms. 

 In cancer, these traits of cell motility is particularly relevant as ACTR2 may be key in 

defining a lamellipodia’s behavior as characteristic of a “leading-edge” in metastasis. Bacteria and 

even viral pathogens employ a similar avenue of invasion by maintaining an active surface. An in 
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vitro study utilizing fibrosarcoma cell line HT1080 employed three-dimensional cell migration, as 

is characteristic of in vivo conditions [214]. While Arp2/3 expression was not found in the 

primary pseudopodia emanating from the cell body, secondary protrusions indeed contained 

Arp2/3.  The unique shape of the fibrosarcoma cell culture matrices suggest that dendritic 

protrusions are key in cell motility and ECM alterations. Another study utilizing breast cancer 

tissue found increased expression of an Arp2/3 subunit and knockdown of the subunit 

attenuated invasive activity[215].  

Two transcript variants for distinct isoforms are known. Our group also found these two 

isoforms; one being in our metastatic tumor group and the other in our non-metastatic group. 

ACTR2 is not as well studied compared to other oncogenic proteins. What is known is that co-

expression Arp2 and Wiskott-Aldcrich syndrome protein (WASP) is correlated with worse 

prognosis and metastasis [216]. In addition, a study of 175 colorectal tumors evaluated that 

expression of ARP2/3 complex formation by both neoplastic and stromal cells led to an 

increase in motility for both cell types, thus priming them for metastasis[217]. Because ACTR2 

was found to be expressed in both metastatic and non-metastatic samples in our data, it would 

cogent to evaluate ACTR2’s isoform-specific correlation in development of a tumor’s transition 

from non-metastatic to invasive potential. Further studies in sequencing the isoforms and 

evaluating them in relevant tumor samples may yield new knowledge on the role of the isoforms 

in metastatic and non-metastatic tumors, especially in respect to cell motility. 

HNRNPD 
Heterogeneous nuclear ribonucleoprotein D (HNRNPD) or AU-rich element RNA-

binding protein 1 (AUF1) is an adenylate-uridylate-rich element (ARE)-binding protein. It is 
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involved in regulating growth factors, proto-oncogenes, cytokines, and other cell-cycle regulatory 

genes.  HNRNPD has been shown to be involved in the early stages of initiating cancer, as well 

as mRNA isoform distribution to subcellular locations, post-translational modification ARE-

specific mRNAs, and subcellular localization which affect development of tumor cells[218]. 

Many of HNRNPD’s targets include oncogenic pathways. 

Many studies support HNRNPD as a key mRNA destabilizing role, however, there is 

increasing evidence for other mechanisms in which HNRNPD may actively promote a 

metastatic phenotype, especially in concert with inflammatory deregulation[219]. Many mRNAs 

encoding inflammatory oncoproteins, cytokines, and G-protein receptors are destabilized by 

AREs including HNRNPD[220]. AREs like HNRNDPD bind to these mRNAs and promote 

rapid degradation. The accelerated rate of mRNA degradation may result in numerous signaling 

pathways being altered, including recruitment of proteins associated with an inflammatory 

response. This phenotype is most likely the result of HNRNPD’s aberrant post-translational 

control of ARE-specific mRNAs. It is known that HNRNPD overexpression enhances tumor 

growth in an in vivo murine hepatocarcinoma and some tumors carry elevated levels of 

HNRNPD[221].  

A growing body of evidence suggest that a distinct classification in HNRNPD as either 

an mRNA stabilizer or destabilizer underestimates HNRNPD’s role [176]. It is most likely that 

HNRNPD’s isoforms regulate multiple levels of expression, subcellular localization and post-

translation modifications[218] [183].  Shifts in expression have ultimately been tied to a 

substantial increase in cyclin D1, a crucial key regulator of G1 phase transition in the cell cycle, 

in both gene and protein expression levels. The correlated levels of overexpression of these two 
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proteins has been directly linked to mammary tumor virus cyclin D1 transgenic mice  that 

developed mammary adenocarcinomas[222]. Other human diseases have been identified 

including leukemia, lymphomas, and solid tumors with similar overexpression conditions.  

A thyroid carcinoma study found that HNRNPD levels were increased in the cytoplasm 

of malignant tissues compared to benign thyroid samples [223]. Also, HNRNPD complexes 

bearing ARE mRNAs were found to be crucial for carcinoma proliferation.  It is possible that 

HNRNPD may control a finely-tuned balancing mechanism of stabilizing cell cycle machinery.  

Malignant cells may recruit HNRNPD to destabilize mRNA encoding cyclin-dependent kinase 

inhibitors, thus leading to cell proliferation. Cyclin-dependent kinase inhibitor p16INK4a (p16), an 

important tumor suppressor, controls cyclin D1 and E2F1, both important proteins for 

transition from G1 to S phase in cell cycle control[224-226]. HNRNPD which binds and down 

regulates cyclin D1 and E2F1 also negatively regulates p16 by binding and promoting 

destabilization of p16’s mRNA in a negative feedback loop[227]. While the exact mechanism of 

how this occurs is not completely understood, E2F1 is a pro-apoptotic factor and its inhibition 

by HNRNPD is likely tied to malignant cell survival.  

The complexity of HNRNPD leaves room for research in its signal transduction 

pathways, including isoform-specific overexpression where each isoform can be unambiguously 

identified. Isoform 11 was found in our non-metastatic group, while the remaining three 

isoforms where present in our metastatic group. A study by Sarkar et. al evaluated isoform-

specific regulation of HNRNPD in relation to inflammation in murine monocytes; sequencing 

HNRNPD isoform homology among canine and murine sequences would be pertinent in 
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determining if there is a specific isoform that is consistent with promoting inflammation, as is a 

common characteristic in metastatic tumors [228].  

Given that little is known about the distinct function(s) of the four isoforms, continued 

study of all splice variants is necessary to unravel their roles in tumorigenesis. Further 

characterization of these isoforms will be essential for downstream study of their particular 

consequences as well as their impact on the subcellular localization of HNRNPD substrates. 

Important questions include: are the different isoforms selective for particular cell signaling 

pathways? If so, are they functionally independent as our data suggests? Would controlling these 

isoforms return malignant cells to a more cytostatic phenotype? Do the remaining three 

isoforms found in our metastatic data cooperate to exacerbate the metastatic phenotype? Are the 

metastatic isoforms targetable?  Is the non-metastatic isoform 11 cytostatic? How do these 

isoforms specifically attenuate effects of cancer, if at all? 

CONCLUSION 
Our laboratory found compelling evidence from both gene and proteomic expression 

data that better characterizes the metastatic phenotype. Foremost, DCN may be a marker of the 

metastatic phenotype for sarcomas. Further studies are needed to verify decorin’s utility as a 

prognostic marker, as well as its expression levels in metastatic tumors. Second, ACTR2 and 

HNRNPD isoforms being present in both metastatic and non-metastatic proteomic data seem 

to suggest that post-transcriptional modification, and that a small change in the proteins has 

drastically different consequences in a tumor’s phenotype. 

ACTR2’s involvement with actin and cytoskeletal remodeling as a part of a metastatic 

lesions “leading-edge” is clearly important, especially when findings have linked its expression 
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with other cell motility proteins such as WASPs.   Further investigation of the different isoforms 

of this protein, and if there is a pathway relationship between the two, would aid our 

understanding of the metastatic “switch” or gradient of what causes a primary tumor to create 

invasive neoplastic cells.  

MAP1B’s may also be useful as a hallmark of a non-metastatic tumor given its high 

expression may be helpful in stabilizing a cell’s cytoskeletal structure and maintain a less dynamic 

microenvironment. An interesting study would be to determining a threshold at which point 

MAP1B’s overexpression can no longer compensate a tumor cell’s behavior and the cell 

becomes metastatic. 

GPI and GAPDH clearly have a close relationship both from the perspective of 

anaerobic glycolysis, as well as its multi-level function in the cytoplasm and outside the cell. 

Their overexpression aids a metastatic cell’s energy requirements, along with aiding cytoskeletal 

remodeling and motility for invasion of surrounding normal tissue.  Studying these proteins in 

concert would be beneficial in linking a metastatic cell’s aggressiveness depending on genetic and 

proteomic levels of expression. 

This research yielded novel concepts of studying decorin in context of the tumor’s 

stroma in sarcomas. Additionally, further research in the varying isoforms of ACTR2 and 

HNRNPD are novel, especially in respect to canine STS and how they may help define what 

makes a tumor metastatic or non-metastatic. Downstream applications include utilizing these 

proteins specifically for clinical applications such as determining which patients would best 

benefit from particular therapies depending on the proteomic and gene expression profiles. 
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