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Abstract 

Title of dissertation: PTGFRN as a Target for Antibody-Drug Conjugate (ADC) 

Development in Mesothelioma and Medulloblastoma 

Author: Jorge L. Marquez, Doctor of Philosophy, 2023 

Dissertation directed by: Dr. Ginette Serrero, Ph.D., President/CEO/Founder of A&G 

Pharmaceutical, Columbia, MD and 

Dr. Maureen Kane, Ph.D., Professor in the Department of Pharmaceutical Sciences, 

University of Maryland, Baltimore, Baltimore, MD   

 

Cancer is a disease that afflicts millions of people each year. While there are many 

drugs available to treat certain subsets of cancer, there still remain many types of cancer 

that do not have tailored therapy available to treat them. Mesothelioma and Pediatric 

Medulloblastoma are two such cancers that the NIH classifies as rare and aggressive 

neoplasms. As such, both cancers display unmet needs, and are the subject of much 

research to improve the chemotherapy available for treatment.  

Our laboratory has found that both cancers express a protein called Prostaglandin 

F2 Receptor Negative, or PTGFRN. PTGFRN is a member of the Tetraspanin family, 

which are transmembrane proteins. Previously, PTGFRN expression has been found to 

correlate with a more aggressive phenotype. Additionally, when its expression is inhibited, 

cellular processes essential for cancer metastasis were also found to be impacted. To better 

understand how PTGFRN affects cancer progression, we looked at the effects of PTGFRN 

with various in vitro functional assays to assess phenotypic changes. We also performed a 

global proteome and pathway analysis using mass spectrometric methods to better 



understand what pathways were most affected by PTGFRN expression, and identify 

proteins that are complexed, or in direct interaction, with PTGFRN.  

In parallel to these studies, we also developed monoclonal antibodies that are 

capable of binding cell-surface PTGFRN, and inducing endocytosis to the cytoplasm. 

Conjugation of our prototype antibody, the mouse mAb 33B7, to the ribosome-inactivating 

protein Saporin results in an Antibody-Drug Conjugate (ADC) of moderate efficacy. Due 

to the success of this first ADC attempt, we then developed a fully human antibody, 

denoted as 8C7, and conjugated it to the payload Duocarmycin via a cleavable linker, 

resulting in our second generation ADC. This new ADC exhibits improved, highly potent 

in vitro anti-cancer effect, as well as in in vivo models with mice bearing mesothelioma 

and medulloblastoma tumors. The work detailed here lays the groundwork for a tailored 

therapy to treat the aforementioned cancers, and expands our knowledge of proteins and 

protein interactions involved in cancer metastasis. 
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Chapter 1 

Overview and Objectives 

 

1.1 The Need for Targeted Therapy in Oncology 

 

 Cancer is a disease that has plagued mankind for millennia, first documented with 

recommended treatment being described on a papyrus writing dating back to 1600BC, 

although some believe this was a copy of an even older recording, stretching as far back 

as 2500-3000BC (1). The introduction of anesthesia in the 19th century during surgical 

procedures led to surgery becoming the preferred method of cancer treatment up through 

the 1950s. However, with the discovery of X-rays by W.C. Röntgen in 1895, radiation 

therapy was gradually incorporated into cancer treatment, with results of radiation 

therapy in leukemia and lymphoma first published in 1902 and 1903 (2–4). Despite 

advancements over the years in both of these methods, neither was completely sufficient 

to combat advanced, metastatic cancers. The use of chemotherapeutic agents to treat 

cancer began its ascent in the later decades of the 20th century. Since then, many types of 

chemotherapeutic agents have been investigated, some having more success than others 

depending on the cancer type (5).  

General, systemic chemotherapy has an innate drawback in its use, in that while it can 

certainly kill cancer cells, it is also quite effective at killing normal, non-cancerous cells, 

resulting in off-target toxicity to the patient, and adverse side-effects. A drug that can 

selectively target cancerous cells and exert its anti-cancer effect with minimal effect on 

non-cancerous cells has resulted in a massive improvement for patient quality of life. The 

introduction of small-molecule inhibitors and monoclonal antibodies to target and 

neutralize growth factors takes advantage of cancer cell’s elevated rate of growth and 
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division (6,7). The inhibition of endogenous angiogenesis acts as a way to cutoff a 

tumor’s nutrient supply by preventing blood vessel formation (8). But a targeted therapy 

is only as good as the drug target itself, which generally are preferentially expressed, 

significantly overexpressed, or mutated in cancer tissue compared to healthy tissue. As 

such, researchers are continually looking for novel drug targets, especially in rare and 

aggressive cancers that have no targeted therapy currently available. With each new drug 

target discovered, a new option for treatment becomes available to patients, increasing 

their odds of survival, and improving their quality of life. 

1.2 Mesothelioma  

 

Mesothelioma are rare, aggressive cancers that currently have no tailored 

therapies available on the market (9,10). Occupational exposure to asbestos is the leading 

cause of mesothelioma cases (11). This cancer typically arises in the pleura of the lungs, 

although it can also be found in the peritoneum, as well as the pericardium and testes in 

some rare cases. Diagnosis of mesothelioma can be difficult, as there is a long latency 

period between the onset of tumorigenesis, and the presentation of symptoms, with some 

studies estimating that this latency period could last anywhere between 20-50 years (12). 

Further complicating diagnosis is the fact that routine blood tests are not sufficient to 

detect mesothelioma. However, the introduction of the MESOMARK® assay now allows 

doctors to measure levels of soluble mesothelin-related peptides (SMRP) in the blood, 

which have been found to increase with mesothelioma, and decrease with treatment (13). 

These limitations result in most patients presenting with advanced disease at the time of 

diagnosis (14–16).  
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Treatment of mesothelioma typically relies on systemic chemotherapy, as not all 

mesothelioma patients are candidates for surgery due to the complicated location of the 

tumor (17). Pleural effusions are common in patients presenting with mesothelioma, 

which require frequent drainage for symptom relief. Surgery, for those who qualify, is 

almost always incomplete, and therefore considered to be palliative in nature, as opposed 

to curative (18). The most extreme surgery available to patients, referred to as an 

extrapleural pneumonectomy, only extends the median survival to 18 months, with a 5-

year survival rate of 14% (19). However, due to how aggressive this procedure tends to 

be, and the late age of patients at time of diagnosis, many patients are considered to be at 

higher risk of complications from surgery than the mesothelioma.  

The low number of cases diagnosed per year, along with the limited survival time 

make it difficult to compile statistically relevant information about treatment outcomes. 

In the only reported randomized trial to determine the effect of surgery on overall 

survival, while just over 300 patients were screened for the study, all but 50 participants 

dropped out. Of the half that were placed in the surgery group, only 16 of them actually 

went through with the surgery. Further complicating this study was the fact that the 

patients selected for the “no surgery” group were considered to have a more favorable 

stage of disease. In the end, the “no surgery” group displayed longer median overall 

survival compared to those few who underwent surgery (19.5 vs 14.4 months). However, 

the low statistical power of this study casts significant doubt on these results (20,21). 

Disappointingly, a large randomized study found that treatment with the standard 

regimens of mitomycin, vinblastine, and cisplatin did not provide substantial benefit in 

survival compared to mesothelioma patients who received solely symptom abatement 
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treatments consisting of combinations of steroids, analgesic drugs, bronchodilators, 

palliative radiotherapy (22). Subsequent research has since shown combination therapy 

with platinum-based drugs and next generation anti-folate compounds, as well as the anti-

VEGF monoclonal antibody Bevacizumab, all variably increase overall survival (23–25). 

With all current treatments being non-specific, median survival time varies from only 5-

12 months, even with the improvement from combination therapies (11). Additionally, 

the drugs tested in these trials all have high rates of toxicity in tested patients, with 37% 

showing grade 4 hematologic or grade 3/4 non-hematologic toxicity, making some 

patients incapable of tolerating chemotherapy (26). On average, the 5-year survival rate 

after initial diagnosis still remains in the range of 5-10% (27). 

To date, there has been no data that show radiation therapy having any effect on 

survival times. In one study comparing radiation in patients who underwent the 

aforementioned extrapleural pneumonectomy and chemotherapy, their primary endpoint, 

locoregional relapse-free survival, was never reached. Similarly to the study comparing 

surgery outcomes, this study was also plagued by low statistical power, as well as 

inadequate macroscopic clearance of the cancer, which was a starting requirement of the 

study (28). Hope for better data may be on the horizon though, as a phase III trial looking 

at the effect of intensity-modulated radiotherapy on malignant mesothelioma is currently 

underway (29). This may even be an even more beneficial form of radiation therapy 

compared to traditional radiation, with less off-target side effects, as the oblong, elliptical 

shape of the entire pleura requires a large radiation field to treat completely. This large 

field also increases adverse radiation toxicity to neighboring organs (30). 
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Recently, investigations into the protein mesothelin, which is expressed in 30% of 

cancers, including, but not limited to, mesothelioma, has led to generation of an anti-

mesothelin monoclonal antibody (Amatuximab), as well as an ADC (BMS-986148) that 

are currently undergoing clinical trials, although the former has not shown great efficacy 

in late-stage trials (31–33). While the identification of mesothelin as a potential 

druggable target is a step in the right direction, there is yet to be an approved tailored 

therapy that can treat mesothelioma. 

1.3 Pediatric Medulloblastoma 

 

Medulloblastoma is a central nervous system cancer that represents 25% of all 

pediatric brain neoplasms, but paradoxically, is only diagnosed at a rate of 4-4.9 per 

1,000,000 people a year, awarding it the status of rare cancer (34). Medulloblastoma 

tumors are thought to arise in the cerebellum, but the medulloblastoma classification can 

also be extended to tumors found in the brainstem and cerebrum. (35) On average, the 5-

year survival rate of pediatric medulloblastoma is 72.1% (9). Medulloblastoma is also an 

aggressive cancer that tends to metastasize quickly, with around 33% of patients showing 

evidence of metastasis at time of diagnosis (36,37). 

In children younger than 3 years old, medulloblastoma is twice as likely to 

progress into metastasis. Some of this can be attributed to the fact that young patients are 

ineligible for radiation therapy, as radiation has been shown to have an extremely 

detrimental effect on brain development (38,39). As such, young children treatments are 

limited to surgery and systemic chemotherapy, although this regimen only slows the 

median overall time to progression to less than 9 months (40). 
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Current treatment of medulloblastoma is dependent on the classification of 

disease risk. In patients whose medulloblastoma is considered average-risk, treatment 

typically relies on surgery to remove as much of the tumor as possible, followed by 

postoperative radiation, as well as general chemotherapy (41–43). While this trimodal 

treatment method has shown moderately improved progression-free survival (PFS) in 

patients compared to just surgery and radiation alone, no specific chemotherapeutic agent 

has demonstrated superiority in treating medulloblastoma (44). For those patients whose 

medulloblastoma is considered high-risk, progression-free survival remains around 50% 

(45). However, trials to further optimize the combination therapy of radiation and high-

dose chemotherapy are currently ongoing. While preliminary data looking at short-term 

survival seem to be promising, and the treatment seems to be well-tolerated, more time is 

needed to complete these investigations, and follow-up studies will also need to be 

performed afterwards (43). 

The typical chemotherapeutic regimen for this cancer consists of combination 

cycles of cisplatin and etoposide, which can have unacceptable toxicities such as 

thrombocytopenia, myelodysplastic syndrome, ossifying fibromas, and/or neutropenia 

when given in combination (46). These negative treatment side-effects further restrict 

children who are healthy enough to undertake this chemotherapy. Therefore, the 

development of new drugs that can specifically target these cancers, while reducing the 

risk of off-target toxicity, is of upmost importance in today’s cancer research. 

Efforts to develop tailored therapies for medulloblastoma are currently 

undergoing. Recently, the hedgehog signaling pathway has been identified as being 

elevated in medulloblastoma, which is partially attributed to the activity of the 
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smoothening protein (SMO) (47). While not currently approved for treatment of pediatric 

medulloblastoma, the SMO-antagonist Vismodegib has begun to report favorable results 

in clinical trials against medulloblastoma. Numerous other pathway inhibitors, such as 

Bromodomain (BET) inhibitors, tyrosine kinase inhibitors (TKI), and PI3K/AKT/mTOR 

inhibitors are currently undergoing clinical trials to evaluate their efficacy in treating 

medulloblastoma (48). 

1.4 Cancer Metastasis 

 

While surgical procedures and chemotherapeutic agents have seen vast 

improvements over the years, metastasis still makes up >90% of all cancer deaths 

(49,50).  Because of this, our understanding of the mechanics of metastasis, as well as the 

proteins involved in the process, must also evolve.  

Cancer metastasis is a remarkably complex process in cancer progression with 

numerous molecular pathways and key drivers that is intensely studied and characterized. 

Metastasis can be divided into 5 distinct cellular processes: 1) Cell migration from the 

primary tumor, invading the basement membrane; 2) Intravasation into the circulatory 

vasculature or lymph nodes; 3) Systemic circulation; 4) Extravasation out of the 

circulatory system into secondary tissue; and 5) Colonization and establishment of a new 

tumor in a secondary organ site (51).  Typically, when a cell migrates from a primary 

tumor, local stressors and immune surveillance are able to halt the cell from colonizing 

secondary sites (52). However, tumors are a heterogeneous population of cancer cells, 

and because of this, these same stressors exert a selective pressure against cancer cells, 

which can ultimately lead to the development of a population of cells that can evade and 

survive anti-cancer immune responses (49). Once such a cell or cell population exists, 



 

8 

 

they eventually gain the ability to migrate from the tumor, and invade nearby blood 

vessels and/or lymph nodes, where they then circulate in the body until a suitable 

secondary organ site is established (53). This initial migration can be done by single cells, 

or collective cell clusters, and is generally considered the differentiating factor between 

benign and malignant classification of cancer (54). In order to navigate through the 

basement membrane, cancer cells must degrade and remodel the extracellular matrix 

(ECM) via matrix metalloprotease secretions, as well as mechanically contract and 

protrude their own membranes (55). 

In order to enter the vasculature of the circulatory system, tumor cells can initiate 

a process known as angiogenesis, in which it undergoes cellular signaling that results in 

the formation of incipient blood vessels (56). This process is critical for overall survival 

of the tumor, as it facilitates the steady supply of oxygen and nutrients for tumor growth, 

and allows for cellular waste to be carried away from the tumor (51). By secreting 

multiple various growth factors, predominantly vascular endothelial growth factor 

(VEGF) and angiopoietin (ANG), pre-existing vasculature begins sprouting in the 

direction of the tumor (57). These newly formed tumor vessels are structurally abnormal, 

as they are not comprised solely of endothelial cells, but rather a mixture of cancer cells 

and endothelial cells (58,59).  

Once these migratory cells intravasate into circulation, very few cancer cells 

actually survive the journey due to immune surveillance, collisions with red blood cells 

(RBC), and the hydrodynamic pressure of circulation (60). The circulating tumor cells 

(CTC) that manage to survive these conditions are further limited to where they can 

travel based on their diameter compared to the width of blood vessels they travel in. 
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Physical arrest during blood flow based on this size disparity can account for the location 

of secondary tumor site (61). Cell adhesion can also direct the location where a CTC ends 

up. CTCs can roll along the endothelial wall through the selective binding of E-Selectin 

and P-Selectin, eventually arresting in position from binding of intercellular adhesion 

molecule-1 (ICAM-1) or vascular cell adhesion molecule-1 (VCAM-1) (62,63). 

Upon arrest during circulation, tumor cells must extravasate through the 

endothelium upon which they are arrested. This process is more difficult than 

intravasation, as these vessels are fully formed, as opposed to the structurally abnormal 

ones formed in the early steps of tumor angiogenesis. In addition, cancer cells are 

experiencing fluid shearing stress, which leads to a small percentage of cells actually 

surviving this step of metastasis (64). Nevertheless, cells that make it to this point, and 

are able to bind to the epithelium, begin to undergo transendothelial migration, causing 

an inflammation response through the secretion of cytokines, angiopoietin-like 4 

(ANGPTL4), and the inhibition of RhoA GTPase, which in turn leads to the junctions of 

the endothelial cells loosening, and allowing the cancer cells to navigate out of the 

vasculature in their new secondary organ site (65). Any cells that are able to survive to 

this point have one last step to take: colonization. During this stage, the cells are now in 

an unfamiliar tissue environment, devoid of any stromal support cells, ECM proteins, or 

growth factors that would normally support them in their primary site (66). As such, these 

cells may enter into a dormancy state, in which they remain until certain signals switch 

them into an indolent state, where proliferation begins. While the exact cause of this 

switch into a proliferative state is not known, the cancer cells that are able to colonize 

secondary organs have been found to have upregulated levels of certain proteins that are 
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associated with stem cells such as CD44, CD22, as well as SOX2 and SOX9 transcription 

factors. These cancer stem cells (CSC) exhibit a much more proliferative phenotype, 

perhaps explaining why they are able to grow without the usual support system (67). 

Due to the many steps required in the metastasis pathway, there have been many 

genes and proteins that influence the cancer cell phenotype identified. Rearrangement of 

cytoskeletal proteins, matrix metalloproteinases (MMP), and cathepsins have proved to 

influence invasion and migration through stroma. The proteins Transforming Growth 

Factor β (TGF-β), Slug, Snail, Twist, and Zeb-1 have all been found to initiate a process 

known as Epithelial-to-Mesenchymal transition (EMT), which is a key morphological 

change in cells that helps facilitate migration and intravasation in the early steps of cancer 

metastasis. The reversal of EMT, known as MET, has also been implicated in secondary 

site colonization (66,68,69). The discovery and characterization of proteins that 

contribute to a metastatic-like phenotype is an ongoing iterative process, both to 

understand how they may contribute to the metastatic transition, as well as if they can be 

targeted in drug development.   

When comparing cells from a secondary metastatic tumor to cells from its 

progenitor primary tumors, there are many differences in phenotypic characteristics 

which can be tested via in vitro functional assays. This includes characteristics of 

metastatic cells such as their high rates of proliferation, increased ability to migrate 

through a transwell membrane, increased ability to grow in colonies at low cell densities, 

and ability to grow in 3D spheroid culture conditions (70–75). Cancer cells that have 

undergone malignant transformation typically present altered expression of proteins that 

are increased if oncogenic, or decreased if they are oncosuppressors. 
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1.5 Prostaglandin F2 Receptor Negative and Tetraspanins in Cancer 

 

 Prostaglandin F2 Receptor Negative Regulator (PTGFRN), also known as 

FPRP/CD9P-1/EWI-F/KIAA1436, is a member of the family of proteins called 

Tetraspanins. This family of proteins consist of 33 unique proteins, which are all capable 

of binding to other tetraspanins, as well as proteins outside the tetraspanin family (76). 

The identity of PTGFRN in particular was first discovered and published in 1996, in 

which its direct interaction with the Prostaglandin F2α Receptor was detailed (77). As 

such, one of the first processes PTGFRN was implicated in was mediation of 

inflammation through binding of the Prostaglandin F2α Receptor and blocking the binding 

of Prostaglandin F2α (PGF2α), the main binding partner of Prostaglandin F2α Receptor. 

Subsequent investigations have found that not only can PTGFRN associate with itself in 

homodimers, but the main binding partners of PTGFRN are fellow tetraspanins CD9 and 

CD81 (78–80). PTGFRN has been found to also bind the tetraspanin CD151. However, 

this direct binding takes place exclusively when PTGFRN is also bound to CD9. This 

ability of tetraspanins to bind each other in various configurations, both dependent and 

independent of other binding partners, eventually came to be referred to as the 

“Tetraspanin Web” (81,82). Due to the numerous binding partners of tetraspanins, this 

family of proteins has been found to be involved in numerous biological processes, 

including adhesion, migration, cancer metastasis, invasion, fertilization, and exosome 

function (76,83–86), and PTGFRN specifically has also been found to be involved with 

lipid accumulation in preadipocytes, and directly interacts with ezrin-radixin-moesin 

proteins (78,87). Table 1.1 contains a list of all non-PTGFRN tetraspanins, as well as 

functions that have been reported for each one. 
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 Table 1.1 List of All Non-PTGFRN Tetraspanins 

 

Tetraspanin 

Name 

 

Aliases 

 

Function 

 

Reference 

TSPAN1 NET-1 Migration, Autophagy flux (88,89) 

TSPAN2 FLJ12082 regulation of cell development, activation, 

growth and motility 

(90) 

TSPAN3 TM4-A regulates expression of ADAM10, 

presenilin, and amyloid precursor protein 

 

(91) 

TSPAN4 NAG-2 mediates signal transduction events in the 

regulation of cell development, activation, 

growth and motility. 

(92) 

TSPAN5 NET-4 Adhesion, proliferation, osteoclastogenesis (93,94) 

TSPAN6 T245 regulator of carcinogenesis in colorectal 

cancer, suppressor of Ras-driven cancer 

progression 

(95,96) 

TSPAN7 DXS1692E, 

TALLA-1, 

A15, 

CD231 

Maturation of dendritic cells, regulated 

postendocytic trafficking 

(97,98) 

TSPAN8 CO-029 Angiogenesis, wound healing, leukocyte 

trafficking 

(99) 

TSPAN9 NET-5 Migration and invasion, platelet function 

regulation 

(100,101) 

TSPAN10 OCSP Facilitates ADAM10 binding (102) 

TSPAN11 N/A Exact function unknown, predicted to be 

involved in migration 

(103) 

TSPAN12 NET-2 inhibits degradation of Beta-catenin, 

regulates miR-405 to promote 

chemoresistance and proliferation of small 

cell lung carcinoma 

(104,105) 

TSPAN13 NET-6 involved in proliferation, found to be 

tumor suppressor 

(106,107) 

TSPAN14 DC-

TM4F2, 

MGC11352 

Regulates trafficking and activity of 

ADAM10 

(108) 

TSPAN15 NET-7 regulates activity of ADAM10, expression 

positively correlates with proliferation 

(109,110) 

TSPAN16 TM4-B, 

TM-8 

Exact Function unknown (111) 

TSPAN17 FBX23 regulates inflammation via interaction with 

VE-Cadherin and ADAM10 

(112) 

TSPAN18 N/A regulates thrombo-inflammation via 

Orai1/Ca2+ signaling 

(113) 
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Table 1.1 List of All Non-PTGFRN Tetraspanins, Continued 

TSPAN19 N/A Exact Function unknown (114) 

UPK1B TSPAN20 RegulatesWnt/β-catenin pathway to 

promote the invasion and metastasis of 

bladder cancer 

(115) 

UPK1A TSPAN21 promotes proliferation and protect from 

apoptosis in bladder carcinoma 

(116) 

PRPH2 TSPAN22, 

rd2, 

CACD2 

essential for the development of rod and 

cone outer segments in retinal 

development 

(117) 

ROM1 TSPAN23 maintains retinal outer nuclear layer (118) 

CD151 TSPAN24, 

SFA-1, 

PETA-3, 

RAPH 

Regulates cytoskeletal reorganization, 

invasion and cell-adhesion functions of 

endothelial cells during pathological 

angiogenesis 

(119) 

CD53 TSPAN25 regulate kinase and phosphatase activity in 

immune cells 

(120) 

CD37 TSPAN26 Exact function unknown, found to be a 

tumor suppressor 

(121) 

CD82 TSPAN27, 

R2, IA4 

involved in Beta cell maturation,  key role 

in endometriosis development 

(122,123) 

CD81 TSPAN28, 

TAPA-1, 

S5.7 

invovlved in formation of actin membrane 

protrusions after RAC1 activation in 

migration, sorted into extracellular vesicles 

(124,125) 

CD9 TSPAN29, 

BA2, P24, 

MRP-1 

Fusion, adhesion, proliferation, 

migration/invasion, apoptosis, cell 

motility, fertilization, extravasation 

(126,127) 

CD63 TSPAN30, 

ME491, 

HOP-26, 

Pltgp40, 

AD1 

Binds TIMP1 to regulate cell polarization 

and survival, sorted into extracellular 

vesicles 

(128,129) 

TSPAN31 N/A suppresses cell proliferation through 

down-regulation of antisense pairing with 

CDK4 

(130) 

TSPAN32 IL2 regulates cell-mediated immune response, 

downregulated upon T-Cell Activation 

(131) 

TSPAN33 MGC50844

, Penumbra 

modulates plasma membrane tension to  

regulate endocytosis and migration 

(132) 
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PTGFRN has also been found to be highly packaged into extracellular vesicles 

(EV), which are lipid bi-layered secretions of cytoplasmic materials used by cells to 

communicate in a paracrine fashion with other cells nearby (85,133). These EVs can 

contain proteins, mRNA, lipids, and other cellular components, and can be hijacked by 

cancer cells to corrupt the population of cells surrounding the tumor made up of many 

cell types, such as fibroblasts, adipocytes, and lymphocytes. This collection of supportive 

cells makes up what is referred to as the Tumor Microenvironment (TME). These cells 

are often recruited by the tumor to provide them nutrients, extracellular matrix secretions, 

and other tumor-promoting factors, and secretion of extracellular vesicles (EV) from the 

tumor to the surrounding stromal cells are one method by which this recruitment takes 

place. (134–137). In these studies of EVs, it was found that PTGFRN could be used as a 

fusion scaffold to deliver toxic compounds to tumor cells, as well as surrounding TME 

cells, in in vivo mouse models, and that the efficacy of the anti-tumor response positively 

correlated with the expression level of PTGFRN in the EVs (138).  

While research investigating the role of PTGFRN in cancer is still in its infancy, 

studies on other members of the tetraspanin family have shown that tetraspanins can act 

as both metastasis promoters, as in the case of CD151, as well as metastasis suppressors, 

such as CD82 (139,140). Cell type may play a role in determining the metastatic 

influence of tetraspanins. For instance, CD9, the primary binding partner of PTGFRN, 

has been shown to both promote, as well as suppress, migration ability depending on the 

cell type studied. CD9 seems to inhibit migration and metastasis in small-cell lung cancer 

(122,141). However, in melanoma and breast cancer-derived cell lines, CD9 can have 

quite opposite effects, promoting migration and metastasis in cutaneous melanoma, and 
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collagen-induced migration in triple negative breast cancer, a phenotype characterized for 

its aggressive phenotype, while suppressing migration and metastasis in these same 

cancers when in response to fibronectin (142–145). 

Previous research has indicated that PTGFRN is associated with a metastatic-like 

profile. Colin et al. showed that PTGFRN was integral in the occurrence of tumor 

angiogenesis, the process of blood vessel and capillary formation previously detailed that 

is required for tumor cells to enter the larger circulatory system during metastasis (146). 

Notably, mice bearing tumors that expressed a mutant, truncated form of PTGFRN 

showed decreased formation of capillary tube-like structures, as well as a significant 

decrease in hemoglobin in said tumors, indicating that angiogenesis was indeed inhibited 

by the non-functioning PTGFRN. In lung cancer, PTGFRN expression positively 

correlated with the status of lung cancer metastasis through the downregulation of its 

binding partner CD9 (147). Karhemo et al. also discovered that when comparing 

metastatic triple negative breast cancer to their non-metastatic counterparts, the 

expression of PTGFRN mRNA and protein was increased sevenfold (148).  

PTGFRN has also been found to possibly have value as a prognostic factor when 

predicting overall survival in Glioblastoma (GBM) patients. Aguila et al. showed that 

patients whose glioblastoma was categorized as a high PTGFRN expresser had much 

lower rates of overall survival compared to patients whose glioblastoma expressed 

PTGFRN in low abundance. Their investigations showed that (1) a reduction of PTGFRN 

expression in GBM led to radiation sensitivity, due to decreased sensing of DNA-damage 

and repair, (2) increased PTGFRN expression results in increased signaling of the 

PI3K/AKT pathway, and (3) increased PTGFRN expression resulted in an increase in the 
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stability of the PI3K subunit p110β, potentially explaining its relationship with DNA-

damage sensing (149). The data generated by all of these experiments indicates that not 

only is PTGFRN involved in processes associated with a metastatic profile, but may also 

have some use as a prognostic factor, serving as a potentially valuable target for drug 

development. However, the specific function of PTGFRN remains unclear and deserves 

further investigation. This will be carried out here as part of this thesis research. 

1.6 Antibody-Drug Conjugates as Cancer Therapy 

 

In the ever-expanding field of anti-cancer therapy, Antibody-Drug Conjugates 

(ADCs) represent a class of drugs gaining academic, regulatory, and industry attention 

due to their highly selective targeting capability, high tissue specificity, low off-target 

effects, and ability to be conjugated to a variety of potent payloads (150). ADCs are 

comprised of a monoclonal antibody that specifically recognizes a unique cell-surface 

antigen, a bridging chemical linker, and a cytotoxic drug payload. Each component has 

diverse variations, which has the potential to be mixed and matched to optimize efficacy 

and minimize off-target toxicity of the resulting ADC (151).  

Today, modern biotechnology has allowed for the large-scale generation and 

production of monoclonal antibodies. Monoclonal antibodies are large, Y-shaped 

immunoglobulins produced by B lymphoid cells (152). Antibodies consist of two heavy 

chains and two light chains, held together by disulfide bonds. Antibodies can be further 

divided into two main regions, the antigen-binding fragment (Fab), and the fragment 

crystallisable (Fc). It is the variable Fab region that is responsible for the direct 

interaction and binding to an antibody’s specific epitope on the antigen, with the Fc 

region being conserved within the species from which it is produced (153). Antibodies 
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can belong to one of five isotypes: IgG, IgA, IgE, IgM, and IgD. The IgG isotype can be 

further divided into 4 subclasses: IgG1, IgG2, IgG3, and IgG4. IgA antibodies have two 

additional subclasses as well, being IgA1 and IgA2 (154,155).  

For the purpose of ADC development, the IgG isotype, specifically IgG1, is 

typically preferred for a variety of reasons, although IgG4 antibodies have recently seen 

increased attention as ADC candidates due to their lack of antibody effector functions 

that would normally cause antibody-mediated cytotoxicity (156,157). First, IgG 

antibodies are often capable of activating immune responses that can lead to antibody-

dependent cellular toxicity (ADCC) or complement-dependent toxicity (158). These 

antibody-mediated responses help amplify the anti-cancer effect of the conjugated 

payload by enlisting the host immune system in the fight. However, immune responses 

can also sometimes be detrimental, reaching levels too toxic, and can sometimes occlude 

the internalization of an ADC (159). Secondly, the half-life of IgG in serum is 

approximately 23 days, which is much longer than those of other isotypes, which can be 

anywhere from 2-6 days (160,161). This pharmacokinetic property can also be influenced 

by the level of glycosylation of an antibody. Glycosylation, which is the addition of 

carbohydrate sugar chains to a protein, can also help improve resistance to proteolytic 

degradation, reduce rate of aggregation, and improved thermal stability (162). 

Antibodies used as the basis of an ADC typically recognize cell-surface antigens 

that are cancer specific (neoantigen) or become overexpressed after oncogenesis. While 

the first generation ADCs were generated using murine antibodies, this led to challenges 

with immunogenicity and accompanying toxicities. Through advancements in protein 

bioengineering, most ADCs currently developed are either humanized (complementarity-
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determining regions of the Fab region being transferred onto a human IgG framework), 

chimerized (mouse Fc region of the antibody is swapped with a human Fc region), or 

developed as fully human IgG in origin (163–165). In most instances, the binding of the 

antibody to its target induces endocytosis to the cell interior. However, in some ADC 

designs, this internalization step is not required for its mechanism of action (166). 

The chemical linker that attaches the toxic payload to the antibody adds an 

additional layer of complexity to the compound, as these linkers can be either cleavable 

or non-cleavable, and carry their own metabolic implications for half-life, efficacy, and 

toxicity. Non-cleavable linkers offer the highest level of stability in plasma, and lower the 

potential for off-target toxicity due to the lack of “bystander effect”, which is when 

premature cleavage of the payload outside the target cell allows it to diffuse into 

neighboring, non-target cells (167). However, the inability to separate the linker from the 

payload required it to be physically embedded in the structure of said payload. This 

severely limits the types of payloads that are compatible with non-cleavable linkers, as 

this can negatively alter the structure, and thus activity of the payload compound (168). 

Cleavable linkers can be further divided into enzymatic, chemical, or 

physiochemical linkers, with chemically cleavable linkers accounting for the widest 

range of options available. Acid-labile linkers rely on lysosomal trafficking of the ADC, 

where lysosomal acidification during digestion cleaves the payload from the monoclonal 

antibody (169). ADCs employing this type of linker have shown instability in plasma, 

which can result in premature payload cleavage and systemic toxicity.  

Enzymatically cleavable linkers typically consist of dipeptide unit that can be 

targeted and degraded by proteases, such as Cathepsin B or β-Glucuronide, whose 
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increased expression is commonly found in tumor cell environments (170–172). Roughly 

70% of all ADCs employ this type of linker, with the most common form being a Valine-

Citrulline linker, although other dipeptide-based linkers do exist (151). Similar to their 

acid-cleavable counterparts, premature cleavage and systemic toxicity are a main 

concern, and can therefore result in dose-limiting toxicities. However, advancements in 

improving these enzymatically cleavable linkers have been made, such as the glutamic 

acid-valine-citrulline tripeptide linker detailed in a 2022 paper published by Ha et al. 

Their addition of a glutamic acid at the P3 position reduced the susceptibility of the linker 

to premature cleavage by extra cellular carboxylesterase 1c, thus increasing plasma 

stability of the ADC, improving anti-cancer efficacy, and reducing negative side-effects. 

(173).  

A lesser-used type of linker being investigated are physiochemical linkers. These 

unique linkers require an external activator for cleavage, such as near-infrared (NIR) 

light. Internalization of the antibody is typically not required with these linkers, as the 

NIR photocleavage both releases the payload, as well as disrupts the membrane of the 

cancer cell, which allows the payload to enter the cells (174). 

Addition of a linker species to an antibody is typically accomplished by targeting 

lysine or cysteine residues present in the antibody, owing to their ability to be chemically 

reduced in order to expose a free thiol group. The average IgG1 molecule has roughly 90 

lysine residues, with approximately 30 of them exposed for chemical modification (175). 

Because of diversity in chemical modification lysine sites, there is typically large 

heterogeneity in ADC species produced. On the other hand, cysteine conjugation shows a 

much lower amount of heterogeneity, due to the fact that there are only about 8 possible 
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interchain conjugation sites (176).  Site-specific mutagenesis has increasingly been used 

to engineer cysteines into antibodies, thus resulting in a much more homogenous species 

of ADC. By controlling the exact site of the conjugatable residues, lot-to-lot consistency 

in pharmacokinetics, stability, solubility, and potency is achievable (175,177). While 

cysteine conjugation offers slightly better control over location and potential number of 

conjugation sites, it should be noted that lysine conjugation has shown to be slightly more 

stable, likely due to some cysteine residues being located in the hinge region of the 

antibody, and thus being more prone to protein accumulation (178). This improved 

stability can lead to better efficacy from lysine conjugation in in vivo experiments. 

Selection of the cytotoxic payload is a crucial factor in successful generation of a 

potent ADC. The original payloads investigated in the first generation of ADCs were 

anti-metabolites, DNA-crosslinking agents, and microtubule inhibitors, with toxicity 

profiles which had previously been well-studied and characterized (179). However, 

challenges such as low antigen expression, low potency, or instability/over-stability of 

the linker have been difficult to overcome. It is described that the majority of ADCs are 

only capable of delivering 1-2% of the administered dose, further highlighting the 

importance of the payload and its required potency (180). The payloads of ADCs that 

have been approved by the FDA can be classified into one of two groups: 1) DNA-

damaging agents, or 2) microtubule inhibitors, with the latter being the most-commonly 

used. Auristatins (e.g. MMAE), Maytansinoids (e.g. DM-1), and tubulysins all inhibit 

assembly of tubulin, leading to G2/M cell-cycle arrest and death (181). While not as 

plentiful as microtubule inhibitors, the utility of DNA-damaging payloads, such as 

Duocarmycin, pyrrolobenzodiazepines, calicheamicin, and various analogues of 
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Irinotecan, offer an alternative method of inducing cell death. These exert their anticancer 

effects through disruption of DNA via chain breaks, or direct binding to DNA, which 

inhibits various polymerases and/or topoisomerases, and initiates apoptosis (169). There 

have been investigations into alternative payloads, such as Amatoxins, which inhibit 

transcription by targeting RNA polymerase, and enzyme payloads, which when 

administered as an ADC in conjunction with a prodrug, can convert the prodrug into its 

active form at or nearby the targeted cancer cells, allowing it to diffuse past the cancer 

cell membrane, and induce apoptosis (182,183). However, these are still in preclinical 

and clinical investigations. 

The use of radionuclides as a payload also provides a novel alternative to 

traditional chemotherapy and radiation by combining them to create the resultant 

radioimmunoconjugate (RIC). RICs offer an attractive strategy to overcome the 

requirement of internalization for the anti-cancer effect, as the distance of decay of the 

radionuclide is often much larger than the diameter of the cell, leading to deeper 

penetration of the tumor. And since internalization is not required for RICs, a non-

cleavable linker can be used for conjugation, preventing premature cleavage of the 

radionuclide in plasma and subsequent systemic toxicity (184,185). 

The mechanism of action of most ADCs is fairly straightforward. During systemic 

circulation, the Fab region of the monoclonal antibody will recognize its respective 

antigen, typically a protein preferentially expressed on the cell surface of a cancer cell. 

This antibody binding begins a cascade that signals for the cell to initiate endocytosis of 

the bound protein and antibody. While a fraction of these internalizing proteins get 

recycled back to the cell surface (186), many more of these endosomes end up fusing 
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with a lysosome, and the contents of the newly formed endolysosome get degraded by a 

combination of acidity and various proteases, including the bound receptor, as well as the 

monoclonal antibody (187). Depending on the linker used, the payload will either be 

cleaved at this stage, and diffuse out of the endolysosome, or, in the case of non-

cleavable linkers, the payload will remain inside until the endolysosome naturally 

degrades, at which point the payload is free to cause cell death in whatever manner it acts 

in (DNA damaging, microtubule inhibition, etc.) (188).  

1.7 Brief History of Antibody-Drug Conjugates 

 

 The idea of using monoclonal antibodies as a method for delivery of toxic drugs 

was first proposed in the 1970s, when the publication of methodology for large-scale 

production of monoclonal antibodies was initially released (189). However, it would not 

be until the late 1990s when a full-formed ADC was submitted for FDA approval, with 

the introduction of Gemtuzumab ozogamicin (Mylotarg). Mylotarg was originally 

approved by the FDA in 2000 for treatment of Acute Myeloid Leukemia (AML) by its 

targeting of CD33 on the surface of AML cells (190). Unfortunately, due to serious liver 

toxicity and elevated numbers of patient deaths Mylotarg was withdrawn from the market 

upon request from the FDA (191). As of 2017, Mylotarg has gained re-approval by the 

FDA after studies showed its value in a different subset of patients, as well as its use in 

combination therapy (192) 

 The second ADC to be approved by the FDA was Brentuximab vedotin (Adcetris) 

in 2011, which targeted the protein CD30 in order to treat Hodgkin Lymphoma, as well 

as Systemic Anaplastic Large Cell Lymphoma (193). With the approval of these two 

ADCs, there was still the need for an ADC that could be used to treat solid tumors, as 
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opposed to the hematological ones that Mylotarg and Adcetris were found to be effective 

with. The next ADC approved to treat a solid tumor was Trastuzumab emtansine (T-

DM1, or Kadcyla), which was approved in 2013 to treat HER2-positive metastatic breast 

cancer (194). This ADC was unique because the antibody moiety of this ADC had 

already been approved for treatment in its unconjugated form (sold as Herceptin) for 

HER-2 positive (HER-2 3+ or HER-2 amplified) breast cancer (195).  

 In the years following Kadcyla’s FDA approval, there was a surge in approved 

ADCs from 2017-2019.  Inotuzumab ozogamicin (Besponsa) was approved to treat B-cell 

precursor acute lymphoblastic leukemia in 2017, and Moxetumomab pasudotox 

(Lumoxiti) was approved to treat Hairy Cell Leukemia in 2018, with both of these ADCs 

targeting CD22 (196,197). 2019 saw the approval of three new ADCs: Polatuzumab 

vedotin-piiq (Polivy) to treat large B-cell lymphoma, Enfortumab vedotin (Padcev) to 

treat metastatic urothelial cancer, and Trastuzumab deruxtecan (Enhertu) to treat 

metastatic HER2+ breast cancer, which target CD79, Nectin, and HER2, respectively 

(198–200). The latter ADC is another example of using the Trastuzumab antibody as the 

targeting agent, but with the conjugation of a different payload. The ability to achieve a 

clinically significant ADC by just switching the conjugated payload to a pre-approved 

antibody highlights the flexibility of ADCs, and how they may be more advantageous in 

cancer treatment than systemic chemotherapy. 

 In 2020, the new ADC Sacituzumab govitecan (Trodelvy) was approved by the 

FDA. This was the first approved ADC that was designed to treat triple negative breast 

cancer by targeting the protein Trop-2 (201). In this same year, the FDA also approved 

Belantamab mafodotin-blmf (Blenrep) to treat multiple myeloma through its targeting of 
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the protein BCMA (202). 2 years later however, this ADC was withdrawn from the 

market upon request by the FDA after it failed to meet its endpoint in a DREAMM-3 

phase III confirmatory trial (203). Two additional ADCs gained FDA approval in 2021, 

Loncastuximab tesirine-lpyl (Zynlonta), which targets CD19 to treat Large B-cell 

lymphoma, and Tisotumab vedotin-tftv (Tivdak), targeting TF-011 for treatment of 

cervical cancer (204,205). The most recent ADC to gain FDA approval was 

mirvetuximab soravtansine-gynx (Elahere), which received accelerated approved in 2022 

for treatment of ovarian, fallopian tube, and peritoneal cancers that are FRα-positive 

(206). Table 1.1 summarizes all FDA-approved ADCs. 

 

 

 

 

 

 

 

 

 

 

 



 

25 

 

 

Table 1.2 List of all FDA-approved Antibody-Drug Conjugates 
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1.8 Advantages of Antibody-Drug Conjugate in Cancer Therapy 

 The aforementioned ADC Kadcyla (T-DM1) presents a perfect example of how 

an ADC can be used to improve the therapeutic effect of the original unconjugated 

monoclonal antibody. In its ADC form, T-DM1 has been reported to be more potent than 

Trastuzumab alone. HER2-positive cancer patients treated with T-DM1 show an 

improved 3-year disease-free survival rate of 88.3%, compared to 77% in patients treated 

with Trastuzumab (152). Only 10.5% of T-DM1 patients suffered distant or metastatic 

recurrence, compared to 15.9% of patients treated with Trastuzumab, and breast cancer 

recurrence or death occurred in 12.2% of patients who underwent T-DM1 treatment, as 

opposed to 22.2% of patients who had Trastuzumab therapy. In addition, patients whose 

HER-2 expression was immunohistologically scored as lower than 3+ and considered 

“HER-2 negative” and ineligible for Trastuzumab therapy, were able to benefit from 

Kadcyla therapeutic effects. In this case, the anti-HER2 monoclonal antibody is capable 

of binding to HER-2 and blocking its dimerization, which interferes with the receptor’s 

signaling for increased proliferation. By conjugating the maytansinoid DM-1 to this 

antibody, the therapeutic effect is further propagated by triggering apoptosis via mitotic 

arrest (153). The clinical benefits obtained with T-DM1 further illustrates a core 

advantage of ADC therapy compared to treatment with its respective monoclonal 

antibody alone. They emphasize that coupling the high specificity and activity of the 

antibody with a potent cytotoxic compound may result in a drug with improved efficacy 

and enhanced therapeutic window compared to each component separately (154). 

 One common issue in treating cancer, especially when cancer becomes metastatic, 

is the problem of drug resistance. Drug resistance in tumors typically arises from the 
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upregulation of efflux pumps, which work to decrease intercellular concentration of 

compatible drug substrates. The most common and widely studied of these pumps are P-

Glycoprotein (Pgp), as well as the adenosine triphosphate-(ATP) binding cassette (ABC) 

superfamily of proteins (128,155).  The use of an ADC represents a great tool to 

overcome this drug resistance. If a cancer becomes unresponsive to current treatment due 

to efflux pump upregulation, then an alternate payload that does not share the same pump 

can be substituted onto the monoclonal antibody, thus re-sensitizing the cancer to the new 

ADC.  

 While the tumor is the primary target of anti-cancer therapies, the cells that make 

up the tumor microenvironment (TME) are also a potential target in combating cancer. 

By targeting a cell surface antigen that also gets packaged into EVs with a high-affinity 

ADC, some of the delivered ADC can be packaged as cargo in these EVs, and could be 

delivered to the surrounding TME cells, leading to cell death not just confined to the 

tumor, but to the cells surrounding it as well. (156) While killing of the tumor is the main 

goal of any anti-cancer therapy, a drug having an anti-proliferative influence on TME 

cells can result in an additive anti-cancer effect (157). In fact, many FDA-approved 

ADCs, as well as numerous ADCs currently in development, show sorting into EVs 

(158).  As discussed earlier, PTGFRN happens to be an EV protein, with high levels of 

expression in EVs secreted by the cells. As such, an ADC targeting PTGFRN would be 

beneficial in cancer therapy, as its effect could be targeted to the tumor, as well as to the 

surrounding support cells.  
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1.9 Conclusion 

 Mesothelioma and Pediatric Medulloblastoma are two examples of rare and 

aggressive cancers that display poor prognosis in diagnosed patients. These two cancers 

currently have unmet needs for tailored therapy to help improve progression-free and 

overall survival. We have found that both cancers express the cell-surface protein 

PTGFRN in variable amounts. While this protein has been found to be “associated with” 

cancer aggressiveness and metastasis, the exact manner in which it is involved has yet to 

be fully understood. This is investigated further in Chapter 2. 

 The upregulation of PTGFRN expression in cancer, its cell-surface localization, 

and packaging into extracellular vesicles make it an attractive target for drug 

development. Specifically, these features can be taken advantage of through targeting by 

an Antibody-Drug Conjugate. Advancements in monoclonal antibody production make it 

relatively easy and cost-effective to produce hundreds of high-affinity antibodies, which 

can be screened for the requisite properties, providing a good foundation for the 

development of a targeted ADC. The resultant ADC would be a highly valuable tool to 

develop new targeted treatment for mesothelioma and medulloblastoma, and potentially 

reduce the need for harsh systemic chemotherapy, surgeries, and/or radiation. 

1.10 Research Objectives 

 This PhD dissertation project is aimed at investigating the role of PTGFRN and 

examine its effect on a cancer cell’s phenotype using various in vitro assays commonly 

used to characterize a cell’s proliferative and metastatic potential. By identifying the 

cellular pathways that PTGFRN expression modulation influences, we can then use prior 
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research on other proteins involved in these same pathways to identify potential binding 

partners and mechanisms through which PTGFRN could be influencing cancer 

progression and aggressiveness. In parallel to these studies, we also aimed to develop a 

fully human monoclonal antibody-drug conjugate that can target PTGFRN on the surface 

of cancer cells, and deliver a cytotoxic compound to cause cell death, both in vitro and in 

vivo. Furthermore, such an ADC would provide the foundation for a biological drug that 

could be carried forward to IND-enabling studies. 

 In Chapter 2, we utilized immunohistological techniques to assess the level of 

PTGFRN expression in non-cancerous tissues, as well as multiple different patient-

derived cancer tissue samples. Additionally, we employed shRNA and plasmid vector 

transfection technology to modulate the expression of PTGFRN in mesothelioma and 

medulloblastoma, as well as in epidermoid carcinoma, in order to assess if alteration of 

PTGFRN expression influences the cells ability to migrate, proliferate, grow in colonies, 

and grow in 3D spheroids. We found that PTGFRN expression positively correlated with 

all of these characteristics, and that inhibition of PTGFRN expression negatively affected 

a cell’s metastatic-like phenotype. From this data, we then investigated how PTGFRN 

was directly influencing this phenotype. By utilizing fluorescent confocal microscopy 

and immunoprecipitation assays, we identified the cell-surface adhesion protein E-

Cadherin and Integrin B1 as being co-localized to the same cellular location as PTGFRN, 

and indicated that E-Cadherin and PTGFRN may potentially be binding partners, 

although mass spectrometric proteome analysis carried out provided us with conflicting 

results, warranting further investigation. We also found evidence that PTGFRN 

expression is involved in the cellular process of autophagy, providing another avenue by 
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which PTGFRN may be influencing a cancer cell’s metastatic phenotype. This was also 

confirmed by mass spectrometric proteome analysis. 

 In Chapter 3, we detail our discovery of PTGFRN as a potential drug target, and 

describe our efforts to produce a fully human monoclonal antibody that recognizes cell 

surface PTGFRN, which can then be used to create a novel antibody-drug conjugate for 

treatment of mesothelioma and medulloblastoma in both in vitro and in vivo studies. We 

first develop a proof-of-concept murine antibody that we conjugate to the ribosome-

inhibiting compound saporin in order to prove that PTGFRN can indeed be internalized 

by antibody binding, and can serve as a valid target for ADC development. This 

prototype ADC shows moderate efficacy in all cell lines tested. We then detail the 

production of a new, fully human monoclonal antibody which was conjugated to the 

cytotoxic compound duocarmycin using a cleavable valine-citrulline peptide linker. This 

second-generation anti-PTGFRN ADC shows markedly high efficacy, in both in vitro 

assays, as well as in in vivo tumor-bearing mice, with no observable off-target toxicities. 

These studies lend additional evidence to support that PTGFRN is an important protein 

that modulates a cancer cell’s ability to progress to a more aggressive, metastatic-like 

phenotype. 
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Chapter 2 

PTGFRN and Cancer 

2.1 Introduction 

 

The previously cited work by Colin et al. has demonstrated the effect of a 

truncated mutant form of PTGFRN on angiogenesis (146). This mutant acted as a 

dominant negative, leading to a reduction in proliferation of human endothelial cells 

when administered exogenously both in vitro and in vivo. In particular, these experiments 

showed that treatment of mice injected with tumour-enriched Matrigel plugs with this 

mutant form of PTGFRN resulted in decreased tumor size, as well as decreased vascular 

formation in said tumors, and less hemoglobin present in tumor samples.  These findings 

demonstrate a causal inhibition of angiogenesis by PTGFRN inactivation, demonstrating 

the requirement of functioning PTGFRN in a major cellular process required for cancer 

metastasis (146). We then investigated whether PTGFRN was involved in other processes 

involved in cancer metastasis.  Namely, we examined the effect of PTGFRN expression 

on a cell’s ability to proliferate at low cell densities in low-serum concentrations, ability 

to migrate through a porous membrane, ability to grow in colonies, and ability to grow in 

3D spheroid culture. If we find that PTGFRN is involved in any of these processes, then 

such a protein would be of great interest for potential drug development. 

In this chapter, two experimental approaches were used to study this possibility.  

In the first approach, the phenotype of cells where PTGFRN expression had been 

inhibited by transient siRNA expression, or stable expression of PTGFRN shRNA was 

examined. In particular, we were able to significantly and stably decrease the expression 

of PTGFRN in epidermoid carcinoma (A431) and pediatric medulloblastoma (DAOY), 

two cell lines with high PTGFRN expression, by using shRNA specific to PTGFRN. 
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Inversely, the mesothelioma cell line (MSTO-211H) was found to be a relatively low 

PTGFRN-expressing cell line. As such, we significantly increased PTGFRN expression 

in mesothelioma using DNA plasmid vector transfection. After isolation of stable single-

cell clones from each cancer line, the clones were then assessed in various in vitro 

functional assays. We found PTGFRN expression to positively correlate with the cell’s 

ability to proliferate, migrate, grow in colonies, and form 3D spheroids.  

Based on these results, we then looked at any potential protein interactions 

between PTGFRN and other proteins that have been well-described in colony and 

spheroid formation. These experiments indicated that PTGFRN and its binding partner 

Integrin β1 may also be directly complexing with the adhesion molecule E-Cadherin, a 

trimer of proteins that has not been previously reported. The discovery of this interaction 

may offer a potential explanation on how PTGFRN influences the progression of cancer. 

PTGFRN was also found to influence the conversion of LC3 into LC3B, a marker of 

autophagy, one method of programmed cell death, suggesting yet another method by 

which PTGFRN may be regulating the progression of cancer, thus making PTGFRN an 

ideal candidate for drug development.  

 In parallel to these functional assays, mass spectrometric proteome analysis was 

carried out on A431 cells and their PTGFRN-knockdown counterparts, as well as the 

PTGFRN co-IP products, for a more comprehensive look at the effect of PTGFRN 

expression, and the proteins and cellular pathways involved/affected. These mass 

spectrometric results verified much of what we observed in the phenotypic assays, with 

the exception of the PTGFRN-E-Cadherin interaction, which must be further 

investigated.  
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2.2 Materials and Methods 

 

2.2.1 Cell Culture 

 

All cell lines used in this study were obtained from the American Type Culture 

Collection (ATCC, Manassas, VA). All cell cultures were maintained in a 5% 

CO2 incubator at 37°C. A431 (CRL-1555), DAOY (HTB-186), and MSTO-211H (CRL-

2081) cells were cultured in DMEM/F12 medium (1:1 mixture) supplemented with 

50μg/ml Gentamicin and 5% FBS. All reagents were purchased from Thermo Fisher 

(Waltham, MA).  

2.2.2 Immunohistochemistry 

 

The anti-PTGFRN mouse monoclonal antibody 1B4 was generated and validated 

in our laboratory. Mesothelioma Tissue Array slides (TissueArray.com LLC, T392b) 

were deparaffinized by three incubations in Xylene, and rehydrated by successive washes 

with 100% and 95% ethanol (three each), finished by incubation in distilled water (three 

times). Antigen Retrieval was not required.  Slides  were blocked with Background 

Terminator (Biocare Medical, BT967) for 40 minutes at room temperature, then 

incubated with 1B4 antibody (1µg/mL) diluted in Antibody Enhancer Solution (5% Goat 

Serum, 10mM Glycine, 0.05% Tween20, 0.1% Triton X-100, 0.1% H2O2) for 30 minutes 

at room temperature. Slides were washed three times in PBS containing 0.2% Tween-20 

(PBS-T) for 5 minutes each, then covered with a drop of ImmPRESS anti-Mouse 

Polymer solution (Vector Laboratories,  MP-7452), and incubated for 30 minutes at room 

temperature. The slides were washed with 0.2% PBS-T for 5 minutes three times before 

adding a drop of ImmPACT Chromogen Substrate (Vector Laboratories, SK-4105) and 
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incubating for 5 minutes. After washing with water for 5 minutes, the slides were 

counterstained with Mayer’s Hematoxylin (Millipore Sigma, MHS16). The slides were 

dehydrated using ethanol and xylene and mounted with a coverslip. Images were 

captured using an Olympus BX40 microscope using TSView Version 7 software. 

2.2.3 Silencing/Overexpression of PTGFRN and Screening 

 

A431 and DAOY cells were transfected with two different human PTGFRN 

shRNAs (Fenics Bio, Halethorpe, MD), as well as one scrambled control shRNA 

(Sequences can be found in Table 2.1).  

 

 Sequence 

Control shRNA Scrambled 

PTGFRN shRNA #1 TAGCCTTAAGAATGAATATGAA 

PTGFRN shRNA #2 GTGGTATGTTTTGCTTTCCTAA 

     Table 2.1 Table of PTGFRN shRNA sequences 

  

 

 To overexpress PTGFRN, MSTO-211H cells were transfected with pcDNA3.1 

plasmid vector (Thermo Fisher) containing a human PTGFRN cDNA insert. Empty 

vector was used as negative control. All transfections were carried out with 

Lipofectamine 3000 reagent (Thermo Fisher), according to the manufacturer’s 

instructions.  

 After transfection, the pooled cells were sorted and dispensed as single cells into a 

96-well plate by the Hana Single Cell Dispenser (Namocell, San Jose, CA). These single 
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cell clones were then expanded and screened via flow cytometry and immunoblot to 

select for the lowest and highest PTGFRN-expressing clones for each cell line. 

2.2.4 Immunoblotting 

 Cells at ~80% confluency were lysed in RIPA buffer containing protease inhibitor 

cocktail. 20µg samples of total cell lysate were prepared, and diluted with reducing 

SDS+DTT sample buffer. After heating to 100oC for 5 minutes, and cooling on ice, all 

samples were run on 4-12% Bis Tris gels (Genscript, Piscataway, NJ). After separation, 

proteins were transferred to a PVDF membrane, and blocked in 5% milk-PBST for 1 

hour at room temperature. Following blocking, membranes were incubated with the anti-

PTGFRN primary antibody (Bio-techne, Minneapolis, MN) at a concentration of 

0.2µg/mL in 5% milk-PBST overnight at 4oC. The next day, membranes were washed in 

PBST, then incubated in Rabbit-anti-Sheep-HRP (Jackson ImmunoResearch,West Grove, 

PA) antibody in 5% milk-PBST (1:2000) for 1 hour at room temperature. Membranes 

were then developed with ECL solution in an Azure Biosystems 280 chemiluminescent 

unit (Azure, Dublin, CA). 

2.2.5 Proliferation Assay 

 All clones selected for functional assays were detached and collected with PBS-

5mM EDTA. 250 cells /well (done in triplicate) were then plated in multiple 96-well 

plates in DMEM/F12 + gentamycin containing 0.2% FBS. These plates were then 

incubated in a 5% CO2 incubator at 37°C. At each time point, a plate was removed, and 

ATP levels were measured with the CellTiter-Glo assay reagent (Promega, Madison, WI) 

using a Molecular Devices LMaxII luminometer (San Jose, CA). 
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2.2.6 Migration Assay 

 Transwell inserts and a 96-well plate (Corning Inc., Corning, KY) were coated 

overnight at 4oC with Type II Rat Collagen (40µg/mL) in sterile DI water. Coating 

solution was aspirated the next morning, and allowed to completely air dry. For MSTO-

211H cells, a 24-hour serum-starvation step was performed before cell collection. Cells 

were detached via 5mM EDTA, and washed and re-suspended with DMEM/F12 + 0.1% 

BSA. 7.5x104 cells (A431 and MSTO-211H) or 5x104 cells (DAOY) were seeded inside 

the inner chamber of the insert. The outer chamber was filled with DMEM/F12 + 5% 

FBS. A431 cells were allowed to migrate for 18 hours, DAOY cells for 6 hours, and 

MSTO-211H cells for 48 hours. A standard curve of cell numbers for each cell line was 

plated in the 96-well plate, and allowed to attach for 5 hours. All incubations were done 

in a humidified, 5% CO2, 37oC incubator.  

 After respective incubation times, the inserts were removed from their chamber, 

and non-migratory cells were removed with a cotton swab. Standard curve and inserts 

were fixed for 10 minutes in 4% paraformaldehyde, then placed in a 0.05% Crystal Violet 

solution (Fisher Scientific, Hampden, NH), and allowed to stain overnight at room 

temperature. Images of the inserts were taken, and stain was eluted via a citric acid 

solution for quantification of cell number migrated compared to the standard curve of cell 

number described above. 

2.2.7 Clonogenic Assay 

 All A431, DAOY, and MSTO-211H clones were plated in duplicate at 200, 100, 

and 50cells/well in a 6 well plate in DMEM/F12+ 5% FBS. These plates were incubated 

at 37oC for 10 days, at which point the cell culture media was aspirated, the wells were 
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washed with PBS, and the cells were fixed for 10 minutes in 4% Paraformaldehyde. After 

fixation, paraformaldehyde was removed, and the cells were stained in a 0.005% Crystal 

Violet solution for 20 minutes. Wells were washed 3 times with H2O, and images were 

captured, and colony numbers were counted. 

2.2.8 3D Spheroid Culture 

2.2.9 Immunofluorescence 

 The anti-PTGFRN human antibody 8C7 was generated in-house. Conjugation of 

8C7 to Alexa Fluor 555 was performed with Zip Alexa Fluor™ Rapid Antibody Labeling 

Kits (Thermo Fisher), following manufacturer instructions. 

 Chambered coverslips (Thermo Fisher) were coated overnight at 4oC in 50µg/mL 

Poly-D-Lysine (Millipore Sigma, Rockville, MD) in sterile deionized water. Next day, 

aspirated coating solution from the coverslips, and allowed the coverslips to air-dry for 2 

hours. 8x104 cells were seeded in each chamber, and allowed to attach overnight in a 

37oC humidified 5% CO2 incubator. The next day, cells were washed once with PBS and 

fixed with 100% methanol chilled to -20oC for 10 minutes. After three washes in PBS, 

cells were incubated with 1µg/mL 8C7-Alexa Fluor 555, 1:200 Anti-E-Cadherin-Alexa 

Fluor 488 (rabbit polyclonal; Cell Signaling, Danvers, MA), 1:100 anti-Integrin β1-Alexa 

Fluor 647 (mouse monoclonal; Abcam, Boston, MA), and 1µg/mL Hoechst 33342 

(Thermo Fisher) diluted in 0.2% PBST + 1% BSA overnight at 4oC. The next day, 

coverslips were washed three times with 0.2% PBST, then mounted in ProLong™ Glass 

Antifade Mountant solution (Thermo Fisher Scientific). Slides were allowed to cure 

overnight at 4oC, then viewed using a Nikon A1 point-scanning laser confocal 

microscope (NIS-Elements, 100X). 
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 For autophagy immunofluorescence, coverslips and cells were prepared in the 

same method, with the exception of the fixation step. The cells were fixed in 4% 

Paraformaldehyde for 10 minutes, then permeabilized in 0.2% TritonX-100, followed by 

three PBS washes. Incubation with 1µg/mL anti-LC3B antibody (rabbit polyclonal; 

Abcam) and Hoechst 33342 was performed overnight at 4oC. After three washes in 

PBST, incubation with 5µg/mL Goat-anti-Rabbit-Alexa Fluor 555 (Abcam) was done at 

4oC for 2 hours. Washing, mounting, and visualization was performed as outlined above. 

Table 2.2 summarizes the antibodies used in the immunofluorescence assay. 

 

     Table 2.2 Antibodies used in immunofluorescence assays 

 

2.2.10 Co-Immunoprecipitation 

Cells were lysed in 1% Brij-O10 lysis buffer containing protease inhibitor cocktail, and 

precleared with protein G agarose beads (Protein Mods, Madison, WI) overnight at 4oC. 

The next day, aliquots of lysates (250µg) were incubated with 10µg of either control 

human IgG, 8C7, anti-E-Cadherin (rabbit polyclonal; Novus Biologicals, Centennial, 

CO), or anti-Integrin β1 (mouse monoclonal; Bio-techne) overnight at 4oC. 

Antibody Supplier Catalog Number 

PTGFRN (8C7) Generated In-House N/A 

E-Cadherin Cell Signaling Technology 3195S 

Integrin β1 Abcam ab214706 

LC3B Abcam ab48394 
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The next day, Protein G agarose beads were added to the lysates, and mixed constantly 

for 2 hours. After 5 washes with 1% Brij-O10 lysis buffer, 2X SDS+DTT sample buffer 

was added, and the beads were heated to 100oC for 5 minutes, then cooled on ice. The 

elutions were then run on multiple gels and analyzed by immunoblot as outlined above 

with their respective antibodies. Table 2.3 summarizes the immunoprecipitation 

antibodies used in this section. 

 

     Table 2.3 Antibodies Used in Immunoprecipitation Assays 

 

The anti-E-Cadherin immunoblot antibody was purchased from Cell Signaling. The anti-

Integrin β1 immunoblot antibody was purchased from Fortis Life Sciences. The anti-

GAPDH immunoblot antibody was purchased from Cell Signaling. The Goat-anti-

Rabbit-HRP antibody was purchased from Jackson ImmunoResearch Laboratories. Table 

2.4 summarizes the immunoblot antibodies used. 

 

Antibody Supplier Catalog Number 

PTGFRN (8C7) Generated In-House N/A 

E-Cadherin Novus Biologicals NBP3-14687 

Integrin β1 Bio-Techne MAB1778 
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Table 2.4 Antibodies Used in Immunoblotting 

 

 

2.2.11 Proteomic analysis via liquid chromatography-tandem mass spectrometry 

Cell lysis and protein digestion were performed as previously described (207). 

Briefly, samples were lysed in a lysis buffer containing 5% sodium dodecyl sulfate 

(Sigma, L4509), 50 mM triethylammonium bicarbonate (1 M, pH 8.0) (Sigma, 7408). 

Proteins were extracted, and separated on a nanoACQUITY Ultra-Performance Liquid 

Chromatography analytical column (BEH130 C18, 1.7 µm, 75 µm x 200 mm; Waters 

Corporation, Milford, MA, USA) over a 185-min linear acetonitrile gradient (3–40%) 

with 0.1% formic acid on a nanoACQUITY Ultra-Performance Liquid Chromatography 

system (Waters Corporation, Milford, MA USA) and analyzed on a coupled  Orbitrap 

Fusion Lumos Tribrid mass spectrometer (Thermo Scientific, San Jose, CA USA). Full 

Antibody Supplier Catalog 

Number 

WB dilution 

PTGFRN Bio-Techne AF4495 0.2µg/mL 

E-Cadherin Cell Signaling 

Technology 

3195S 1:1000 

Integrin β1 Fortis Life Sciences A303-735A 1:4000 

LC3B Abcam ab48394 1:1000 

GAPDH Cell Signaling 

Technology 

2118S 1:4000 

    

horseradish 

peroxidase goat anti-

Rabbit 

 

Jackson 

ImmunoResearch 

111-035-144 1:2000 

Horseradish 

peroxidase anti-

Sheep 

Jackson 

ImmunoResearch 

313-035-045 1:2000 
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scans were acquired at a resolution of 240,000m/z, and precursors were selected for 

fragmentation by high-energy collisional dissociation of 35% for a maximum 3-s cycle. 

The MS/MS raw files were processed with Proteome Discoverer (PD, version 2.5.0.400, 

Thermo Fisher Scientific) using Sequest HT search engine against a UniProt human 

reference proteome (release 2022.04, 20292 entries). Searches were configured with 

static modifications for carbamidomethyl on cysteines (+57.021 Da), dynamic 

modifications for oxidation of methionine residues (+15.995 Da), precursor mass 

tolerance of 20 ppm, fragment mass tolerance of 0.5 Da. Trypsin was used as digestion 

enzyme with maximum of two missed cleavages. The minimum and maximum peptide 

lengths were set as 6 and 144, respectively. Label-free quantification was performed 

using Minora feature detector, a tool embedded in the PD bioinformatics platform (208). 

For high confidence results, protein identification was filtered to 1% false discovery rate 

(FDR) in peptide spectra match (PSM), peptide, and protein levels. The FDR was 

calculated using the Percolator algorithm embedded in PD. Next, the exported protein 

abundance values were analyzed and visualized using Perseus software (version 1.6.14.0) 

(209). To ensure high confidence in statistical analysis, data were further filtered to 

include only proteins identified without any missing values in all the biological samples. 

The quantitative protein data were log2 transformed and further normalized using median 

centering. Two-tailed student’s t-test was applied for comparisons between two 

conditions (p < 0.05) to determine if each treatment group was significantly different 

from the control group. Enrichment of functions and signaling pathways of the 

differentially expressed proteins (DEPs) identified from different conditions was 

performed using Metascape (http://metascape.org) as described previously (207,210).   

http://metascape.org/
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2.2.12. Statistical Analysis 

 

 All statistical analyses were performed using GraphPad Prism’s (v.7). 

Significance across the mean values of each triplicate group was done using two-tailed t-

test for two experimental groups. For comparison of two groups, Student’s t-test was 

used. Results are shown as mean ± SD. Significance was determined at P < 0.05 (*), P < 

0.01 (**), P < 0.001 (***). 

2.3 Results 

 

2.3.1 PTGFRN is highly expressed in cancerous tissue, but not in healthy tissue 

 

Surface-protein expression that differs based on malignancy offers an attractive 

strategy for targeting cancers in a tissue-specific manner. Thus, we set out to determine if 

PTGFRN expression is differentially expressed in cancerous tissue compared to healthy, 

non-cancerous tissue. Using our anti-PTGFRN antibody 1B4 (generated in-house), we 

can detect and grade PTGFRN expression in FFPE tissue sections. Looking at the 

staining patterns in the numerous healthy tissue sections screened (Figure 2.1), PTGFRN 

expression was undetectable, depicting no significant differences in 1B4 staining 

compared to a non-immune mouse IgG control antibody. However, when screening 

various head & neck, lung, pancreas, and kidney cancer tissue samples, Squamous Cell 

Carcinoma, Melanoma, Papillary Renal Cell Carcinoma, Clear Cell Carcinoma, and 

Pancreatic Duct Adenocarcinoma all demonstrated an increased expression of PTGFRN 

to a strongly detectable level. 
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Figure 2.1 Immunohistological analysis of PTGFRN expression in healthy and 

cancerous tissue sections. Tissue microarrays were stained using the IHC antibody 1B4 

to assess expression level of PTGFRN. Healthy non-cancerous tissue, such as (A) Colon, 

(B) Breast, (C) Lung, (D) Kidney, (E) Cardiac, (F) Prostate, (G) Pancreas, (H) Spleen, (I) 

Tonsil, and (J) Bone Marrow show little to no PTGFRN. Cancerous tissue samples from 

(K) Squamous Cell Carcinoma, (L) Melanoma, (M) Pancreatic Duct Adenocarcinoma, 

(N) Papillary Renal Cell Carcinoma, and (O) Clear Cell Carcinoma all show elevated 

expression levels of PTGFRN. 

 

2.3.2 Progression of Mesothelioma from Benign to Malignant phenotype correlated 

with a significant increase in PTGFRN Expression 

 

When determining the relative level of protein expression in tissue, 

histopathologic scoring is a commonly used semi-quantitative tool that can be used to 

grade expression level on a 0-3 scale (159). Using patient-derived mesothelioma tissue 

arrays, normal lung tissue has undetectable PTGFRN expression, while benign 

mesothelioma tissue shows a modest increase in PTGFRN, being graded as a 1+ score. 

Malignant mesothelioma tissue shows a significant increase in PTGFRN staining, with its 

expression level reaching a 3+ score (Figure 2.2). This observation remains consistent 
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with previous findings, which show PTGFRN expression correlating with cancer 

aggressiveness and metastatic potential. 

 

Figure 2.2 Immunohistological analysis of PTGFRN expression in mesothelioma 

tissue sections. Mesothelioma tissue microarray was stained using the IHC antibody 1B4 

to assess expression level of PTGFRN in different stages of mesothelioma, including (A) 

non-cancerous lung pleural tissue, (B) Benign mesothelioma, and (C) Malignant 

mesothelioma. PTGFRN expression increases drastically when mesothelioma becomes 

its most aggressive. 

 

2.3.3 PTGFRN Expression is Positively Correlated with Characteristics Associated 

with a Metastatic-like Profile 

 

In order to compare physical characteristics of cells after PTGFRN expression 

modulation, stable knockdown clones of A431 and DAOY cells were generated after 

transient PTGFRN shRNA transfection. Likewise, a stable PTGFRN-overexpressing 

clone of MSTO-211H was created by transient transfection of human PTGFRN cDNA. 

Immunoblots in figure 2.3 indicate the relative PTGFRN expression level of each of these 

resulting clones. 
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Figure 2.3 PTGFRN expression level after transfection of shRNA or PTGFRN 

cDNA. Western Blot analysis shows that PTGFRN expression was significantly 

decreased after shRNA transfection in A431 and DAOY cells, and significantly increased 

after cDNA transfection in MSTO-211H cells. 

 

When comparing proliferative capability, A431 and DAOY clones whose 

PTGFRN expression was silenced by shRNA showed markedly lower levels of 

proliferation in low-serum conditions (0.2% FBS) compared to the control shRNA 

clones. In the MSTO-211H clone whose PTGFRN expression was increased by stable 

plasmid transfection, proliferation levels were significantly higher compared to the empty 

vector clone that did not show any proliferation (Figure 2.4). 
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Figure 2.4 Comparing proliferative capability of cells after PTGFRN 

silencing/overexpression. Ability to proliferate at low serum levels (0.2% FBS) was 

severely decreased after PTGFRN silencing by shRNA in (A) A431 and (B) DAOY cells, 

while PTGFRN overexpression in (C) MSTO-211H resulted in a significant increase in 

proliferation. 

 

We next examined the migration capabilities of cells where PTGFRN expression 

had been silenced or overexpressed. As shown in Figure 2.5, cell migration capability 

was severely inhibited after PTGFRN silencing by shRNA in A431 and DAOY cells. 

This effect was not as strong in DAOY cells as it was in A431 cells. However, DAOY 

cells seem to have much higher innate migratory capability, as an incubation time of only 

6 hours in our control shRNA clone showed high numbers of cell migrated. Nonetheless, 

PTGFRN knockdown significantly reduced migration in both of these cells lines. In 

contrast, PTGFRN overexpression in MSTO-211H cells showed a significant increase in 

migration levels compared to the empty vector control clone. This experiment was 

carried out with A431 cells transfected with PTGFRN siRNA as well, and we saw the 

same decrease in migration after knockdown by this method. These results can be found 

in Appendix 1, as Figure 1A.1. 
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Figure 2.5 Effect of PTGFRN expression on migration capability. (A) PTGFRN 

silencing via shRNA in A431 and DAOY cells results in a significant reduction in cell 

migration, while (B) overexpressing PTGFRN in MSTO-211H cells resulted in a 

significant increase in migration levels. 

 

We also examined whether PTGFRN expression had an effect on clonogenic 

ability of the cells. The shRNA knockdown clones in both A431 and DAOY showed a 

significant decrease in the number of colonies formed, whereas PTGFRN overexpression 

in MSTO-211H cells significantly increased the number of colonies formed, even at cell 

numbers as low as 50 cells/well. In the MSTO-211H control cell line, no colonies were 

formed at all, even at the highest cell number tested of 200 cells/well (Figure 2.6). 
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Figure 2.6 PTGFRN expression affects cells ability to grow in colonies. Reduction in 

PTGFRN expression in A431 and DAOY (A) results in less colonies formed when plated 

at low cell density, while PTGFRN overexpression in MSTO-211H (B) shows a 

significant increase in colonies under these same conditions. 

 

Spheroid formation in three-dimensional culture (3D) is a hallmark of cancers that 

contain higher populations of cancer stem cells (CSC), which express increased levels of 

various stemness genes, such as SOX2, OCT4, C-MYC, etc. (211). It is these CSCs that 

metastasize and that may be responsible for cancer relapse. Based on the results above, 

we determined the ability of cells to form 3D-spheroids when PTGFRN level had been 

altered. After PTGFRN knockdown, A431 and DAOY shRNA clones were unable to 

form spheroids of the same size, shape, and/or number compared to the control shRNA 

clones (Figure 2.7). In the case of DAOY PTGFRN shRNA cells, while cell aggregates 

did form, and appear spheroidal in shape, the moment the plates were disturbed, or we 

attempted to collect the aggregates, they immediately deteriorated into single cells. In 
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contrast to these, the control shRNA clone spheroids could be manipulated repeatedly 

without the breakdown of the spheroids into single cells. Spheroid assays were carried 

out with A431 cells transfected with PTGFRN siRNA as well, and we saw the same 

inability to grow as spheroids after PTGFRN knockdown by this method. These results 

can be found in Appendix 1, as Figure 1A.2. 

 

Figure 2.7 Knockdown of PTGFRN expression inhibits spheroid formation. Loss of 

PTGFRN via shRNA knockdown prevented A431 and DAOY cells from being able to 

grown in 3D spheroid conditions. Any aggregates that did form in the shRNA clones 

broke apart when disturbed, whereas the control cell spheroids could be easily 

manipulated without losing their 3D shape. 

 

All of the assays detailed above measure characteristics that are commonly 

associated with metastatic cells. Thus, it is concluded that PTGFRN expression in cancer 

cells appears to contribute to a more proliferative, aggressive, and metastatic-like 

phenotype. 
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2.3.4 PTGFRN Knockdown Cells Grown in Spheroid Conditions Show Decreased 

Levels of Integrin β1 and E-Cadherin 

 

Much attention has been paid to two main drivers of spheroid formation; 

specifically, E-Cadherin and Integrin β1. The work done by Lin et al. showed that the 

binding of Integrin β1 to extracellular matrix (ECM) proteins triggered what they referred 

to as a “lag phase”, where cells began to upregulate the expression of p, which was 

essential for spheroid compaction and growth (212). Because of this, we compared the 

expression of integrin β1 and E-Cadherin in the A431 PTGFRN shRNA knockdown cells 

grown in 3D spheroid conditions compared to shRNA control cells. We observed that the 

expression level of Integrin β1was reduced by approximately 30% compared to the 

control spheroids, and E-Cadherin expression was reduced almost 90% compared to the 

control spheroids (Figure 2.8). This decrease in Integrin β1 and E-Cadherin expression 

was not seen in PTGFRN shRNA cells grown in 2D monolayer (Figure 1A.3 in 

Appendix 1), which leads us to believe that PTGFRN expression is required for 

expression increases in Integrin β1 in spheroids, which then triggers the accumulation of 

E-Cadherin responsible for spheroid compaction and growth, as outlined by Lin et al 

(212). By knocking down PTGFRN expression via shRNA, Integrin β1 levels do not 

reach the threshold required to trigger E-Cadherin accumulation, reducing the cell 

aggregates seen in the knockdown clones that did not retain their spheroidal integrity 

during manipulation. 
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Figure 2.8 Effect of PTGFRN Knockdown on Proteins Involved in Spheroid 

Formation. PTGFRN shRNA-transfected A431 cells grown in spheroid culture 

conditions did not show the increase in Integrin β1 and E-Cadherin levels seen in control 

shRNA spheroids 

 

2.3.5 PTGFRN, Integrin β1, and E-Cadherin All Co-Localize to Cell-Cell Junctions, 

and Are Capable of Directly Binding to Each Other 

 

To evaluate the association between PTGFRN, Integrin β1, and E-Cadherin, 

fluorescent microscopy was used to determine if these three proteins were present in the 

same subcellular area, which would be the first step in determining if they could possibly 

be directly bound to each other. Using confocal fluorescent microscopy, we observed that 

fluorescent antibodies raised against PTGFRN, Integrin β1, and E-Cadherin all seemed to 

co-localize in the cell junctions (Figure 2.9).  
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Figure 2.9 Co-localization of PTGFRN, E-Cadherin, and Integrin β1.  

A431 Immunofluorescence using specific antibodies show that PTGFRN (Red), E-

Cadherin (Green), and Integrin β1 (Purple) all co-localize together in the cell junction 

areas (Pink). Nucleus counterstained with Hoechst 33342 (Blue). 

 

However, in order to determine if this is true co-localization, or just signal 

overlap, co-immunoprecipitation assays were also carried out in tandem. By lysing cells 

in a weak detergent lysis buffer such as Brij O10, direct protein-protein interactions were 

uninterrupted. Immunoprecipitation using our anti-PTGFRN antibody 8C7 showed the 

presence of both Integrin β1 and E-Cadherin in the IP elution. IP using an anti-Integrin 

β1 antibody showed the presence of PTGFRN and E-Cadherin, and IP using an anti-E-

Cadherin antibody showed the presence of PTGFRN and Integrin β1 (Figure 2.10).  
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Figure 2.10 Direct Interaction between PTGFRN, E-Cadherin, and Integrin β1.   

Co-immunoprecipitation using specific antibodies show that PTGFRN, E-Cadherin, 

Integrin β1 are all directly interacting with each other, and thus can co-IP with each other. 

 

This experiment seems to demonstrate that these three proteins are indeed directly 

associated with each other and confirms the co-localization observed with the imaging 

study. However, this does not help us determine if they are in a 3-protein complex, part 

of an even larger complex with other protein members, or three distinct binding 

configurations, with only two proteins associated at one time. Of note, 

immunofluorescence experiments looking at Integrin β1 and E-Cadherin on A431 

PTGFRN shRNA cells was carried out, and the co-localization of these two proteins was 

not affected in any obvious way (Figure 1A.4 in Appendix 1). 

2.3.6 Loss of PTGFRN Expression Results in an Increase in LC3B Accumulation, 

Indicating an Increase in Autophagy 

 

After PTGFRN knockdown in A431 cells, we observed changes in the cell’s 

morphology compared to the control clone; namely, an increase in large vacuole-like 

structures. Such structures are commonly viewed as an indicator of the cellular process 
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known as autophagy. To determine if this was the case, expression levels of LC3B, a 

marker of autophagy, were measured using immunofluorescence, as well as western blot 

analysis. In both cases, LC3B expression was increased in our PTGFRN shRNA 

knockdown clones compared to the control shRNA clone (Figure 2.11). As a positive 

control, we treated A431 with the compound Metformin, a known autophagy inducer. 

 

Figure 2.11 PTGFRN Knockdown Influences Autophagy. Knockdown of PTGFRN in 

A431 results in an increase in LC3B accumulation. This is visible via (A) fluorescent 

microscopy where higher levels of LC3B (red) can be seen in the shRNA cells, compared 

to the control cells, as well as (B) immunoblot, including the positive control of A431 

cells treated with metformin, which functions by inducing autophagy in cells. 

 

This provides another pathway by which PTGFRN is influencing a cells 

phenotype. It is possible that loss of PTGFRN expression acts as a stress or starvation 

factor that causes the cell to undergo autophagy for survival. This “pro-survival” 

mechanism of autophagy has been observed in cancer cells before (213). However, 

further investigation is needed to better elucidate exactly how PTGFRN is influencing 

autophagy, and whether it is “pro-cell death” or “pro-cell survival” in nature. 
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2.3.7 Effect of PTGFRN on Cellular Proteome  

 

In order to further characterize the effect of PTGFRN expression on cancer cells 

phenotype and gain some insight on the molecular drivers of the phenotypic changes 

observed, we performed mass spectrometric analysis on control shRNA A431 cells vs. 

PTGFRN shRNA A431 cells, and assessed proteins whose expression was significantly 

increased or decreased in response to PTGFRN knockdown. Using this extensive list of 

modulated proteins, we performed pathway analysis in order to determine what cellular 

functions and pathways were most affected by the attenuation of PTGFRN.  

After PTGFRN knockdown, three of the top four pathways that were most downregulated 

involve the synthesis of various metabolites, metabolic precursors, and energy, especially 

those involved in the Respiratory Electron Transport Chain. In addition to this, other 

significantly inhibited pathways include ER to Golgi Anterograde Transport, Ribosome 

Biogenesis, Exosome Function, NADH Oxidation, and VEGFA-VEGFR2 signaling. 

PTGFRN knockdown also resulted in increases of other pathways, with many of them 

involved in immune system signaling, such as Cytokine Signaling, Interferon Signaling, 

and Neutrophil Degranulation. The heatmap in Figure 2.12 outlines the top 20 cellular 

processes that were increased or decreased after PTGFRN knockdown by shRNA 

transfection. Table 2.5 contains the top 10 proteins found to be upregulated after 

PTGFRN, and Table 2.6 outlines the top 10 pathways whose proteins were upregulated 

after PTGFRN knockdown. Table 2.7 is comprised of the top 10 proteins whose 

expression was downregulated after PTGFRN knockdown, followed by Table 2.8, which 

contains the pathways most impacted by those downregulated proteins. Tables 1A.1 and 

1A.2 in Appendix 1 are the complete list of all pathways and gene expressions found to 
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be upregulated and downregulated, respectively, after PTGFRN knockdown in A431 

cells. 

 

Figure 2.12 Mass Spectrometric Proteome Analysis after PTGFRN Knockdown. 

Heat map displaying the top 20 cellular processes impacted by PTGFRN knockdown 

based on Student T-test analysis. 
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Accession 

Number 

Gene 

Name 

Protein Description 

Q92817 EVPL Component of desmosome and epidermal cornified 

envelope 

P06702 S100A9 Calcium-binding protein 

O95786 RIGI RNA Helicase-DEAD Box Protein 

P01583 IL1A Interleukin 1 Alpha; Cytokine 

O95999 BCL10 Immune Signaling Adaptor 

P01833 PIGR IgA/IgM Transport  Receptor 

P29966 MARCKS Substrate for Protein Kinase C 

P80188 LCN2 Hydrophobic Molecule Transporter 

Q9Y316 MEMO1 Regulator of cell motility 

P14317 HCLS1 Actin-binding protein 

Table 2.5 Top 10 Most Upregulated Proteins After PTGFRN Knockdown 

 

 

Pathway Adjusted p-value 

Cytokine Signaling in Immune system 2.87E-07 

Innate immune response 1.78E-05 

Neutrophil degranulation 2.02E-04 

Signaling by Rho GTPases 4.98E-04 

G1/S Transition 4.98E-04 

Motor proteins 6.35E-04 

Interferon Signaling 6.44E-04 

Mitotic cell cycle 8.65E-04 

Cori cycle 1.06E-03 

Regulation of proteolysis 3.15E-03 

Table 2.6 Top 10 Most Upregulated Cellular Pathways After PTGFRN Knockdown 
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Accession 

Number 

Gene 

Name Protein Description 

Q8IVL5 P3H2 Post-translational 3-hydroxylation enzyme 

Q14155 ARHGEF7 Rho protein activator 

Q8NHV4 NEDD1 Centrosome interactor with γ-tubulin 

P54652 HSPA2 Heat-shock protein, protein folding chaperone 

P13646 KRT13 Keratin 13 

Q8N1T3 MYO1H Microfilament binding and organization 

Q9UK22 FBXO2 Ubiquitin protein transferase enzyme 

P13647 KRT5 Keratin 5 

Q16658 FSCN1 F-actin organization 

O95260 ATE1 Arginyl-tRNA-protein transferase 

Table 2.7 Top 10 Most Downregulated Proteins After PTGFRN Knockdown 

 

 

Pathway 

 

Adjusted p-value 

 

Nucleobase-containing small molecule metabolic process 2.15E-07 

Generation of precursor metabolites and energy 2.18E-07 

Cellular responses to stress 1.87E-06 

Amide biosynthetic process 7.71E-06 

Protein processing in endoplasmic reticulum 9.02E-06 

ncRNA metabolic process 1.18E-05 

Neutrophil degranulation 2.82E-04 

Cell Cycle 3.19E-04 

Metabolic reprogramming in pancreatic cancer 3.19E-04 

Biosynthesis of cofactors 8.11E-04 

Table 2.8 Top 10 Most Downregulated Cellular Pathways After PTGFRN 

Knockdown 
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2.3.8 Mass Spectrometric Analysis of 8C7 Co-IP Pull-down Products 

 While we were able to show that both Integrin β1 and E-Cadherin were able to 

co-immunoprecipitate with PTGFRN using our 8C7, we also wanted to determine other 

potential direct binding or complex partners. Therefore we chose to perform mass 

spectrometric analysis of the A431 cell lysate immunoprecipitated with 8C7 antibody to 

identify  the proteins in 8C7 sample compared to control IgG IP. From this list of 

proteins, pathway analysis was also performed, indicating which processes had proteins 

members who were either directly bound to, or complexed with PTGFRN. 

 The cellular process which had by far the most members found to be associated 

with PTGFRN was the Metabolism of RNA. VEGFA-VEGFR2 signaling, Regulation of 

Translation, and Ribonucleoprotein Complex Biogenesis also had many protein 

constituents pulled down along with PTGFRN. Figure 2.13 displays the heatmap that 

outlines the top 20 processes whose protein members were found to co-IP with PTGFRN, 

indicating protein interactions. Table 2.9 displays the top 10 proteins that were the most 

abundantly present besides PTGFRN after co-IP with 8C7, while Table 2.10 contains the 

top 10 pathways associated with these proteins. Table 1A.3 in Appendix 1 contains the 

list of all pathways and proteins and their respective pathways whose presence was found 

to be significantly increased in our 8C7 IP sample compared to our control IgG IP. Figure 

2.14 highlights some of the pathway and co-IP analysis after PTGFRN knockdown. 
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Figure 2.13 Mass Spectrometric Analysis of PTGFRN Co-IP Products. Heatmap 

displaying the top 20 cellular processes whose members were found to co-IP along with 

PTGFRN using our 8C7 antibody compared to an IgG control antibody. Statistical 

significance was determined by Student T-test analysis. 

 

 

 

Accession 

Number 

Gene 

Name 

Protein Description 

P08579 SNRPB2 Ribonuclear protein 

P50851 LRBA Cellular component recycler in autophagy 

O60294 LCMT2 Leucine carboxyl methyltransferase 2 

Q8IWA5 SLC44A2 Choline Transporter 

Q9ULC3 RAB23 Vesicle trafficking protein 

Q02878 RPL6 Ribosomal protein 

Q13685 AAMP Angio-associated migratory cell protein 

Q8N573 OXR1 Oxidation resistance protein 

Q9Y5V0 ZNF706 Zinc-finger protein 

Q9HCU5 PREB Transcription factor that regulates prolactin (PRL) gene 

expression 

Table 2.9 Top 10 Most Abundant Proteins in PTGFRN Co-Immunoprecipitation 

with 8C7 
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Pathway 

 

Adjusted p-value 

 

Metabolism of RNA 6.20E-29 

VEGFA-VEGFR2 signaling 2.60E-11 

ribonucleoprotein complex biogenesis 1.66E-08 

regulation of translation 8.59E-08 

CLEC7A (Dectin-1) signaling 4.49E-07 

actin filament organization 2.76E-06 

mRNA metabolic process 3.12E-06 

Protein processing in endoplasmic reticulum 8.79E-06 

RHO GTPase cycle 1.74E-05 

Fragile X syndrome 2.52E-05 

Table 2.10 Top 10 Cellular Pathways Represented in PTGFRN Co-

Immunoprecipitation with 8C7 
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Figure 2.14 Major Pathways Affected by PTGFRN knockdown. This figure 

highlights some major pathways whose protein member’s expression were increased or 

decreased following PTGFRN knockdown. Proteins followed by an asterisk (*) were also 

found to co-IP with PTGFRN, indicating association with PTGFRN. 

 

2.4 Discussion 

 

While surgical procedures and chemotherapeutic agents have seen vast 

improvements over the years, metastasis still makes up >90% of all cancer deaths 

(49,50).  Because of this, our understanding of the mechanics of metastasis, as well as the 

proteins involved in the process, must also evolve. As such, we have further characterized 

the protein Prostaglandin F2 Receptor Negative Regulator, or PTGFRN, and its potential 

role in contributing to a metastatic-like profile. We have shown a positive correlation 

between PTGFRN expression level, and a cells ability to proliferate, migrate, grow in 

colonies at low cell number, and form multicellular 3D spheroids in three different cell 

types, characteristics which are hallmarks of a metastatic cancer cell. From these 



 

63 

 

investigations, we identified the adhesion molecule E-Cadherin as a potential direct 

binding partner to PTGFRN, although this was not verified in the mass spectrometric 

analysis, which is discussed in more detail below. 

Additionally, we demonstrated that loss of PTGFRN expression coincides with 

the increase in the conversion of LC3B, a key marker of a cellular process called 

Autophagy, which may be another contributing factor to PTGFRNs effect on cancer 

metastasis. With this data, we hypothesize that PTGFRN could be a player in the latter 

steps of cancer metastasis, when the cell has already detached from its primary tumor, 

and has begun to settle in a secondary organ site. PTGFRN could be involved in the 

binding to extracellular matrix proteins of this secondary site and facilitates the increase 

in expression levels of E-Cadherin and Integrin β1 needed to establish the multicellular 

secondary tumor. 

Previous research has been undertaken to understand how PTGFRN influences a 

cells proliferative capability. Recently, Mala et al. published their results in investigating 

the effect of PTGFRN expression in glioblastoma cells, and found very similar results to 

ours, with PTGFRN silencing resulting in decreased proliferation, migration, and colony 

formation in GBM cells, among other features tested. With regards to proliferation, they 

found that the attenuation of PTGFRN was found to lower signaling of the ERK, AKT, 

and mTOR pathways (214). A decrease in ERK and AKT phosphorylation was not seen 

in the three cells lines we tested (data not shown). As discussed previously, tetraspanin 

function can have opposing effects based on cell type.  

The published results of Mala et al. not only support the results presented here, 

but also add to the list of cell types in which PTGFRN expression correlates to a 
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metastatic-like phenotype. And like their GBM cell type, two of the cell lines tested here 

are derived from rare and aggressive cancers (Pediatric Medulloblastoma and 

Mesothelioma). Unlike Mala et al., our work here also looks at the effect of increasing 

PTGFRN expression in a naturally low-expressing cell line, as opposed to solely looking 

at PTGFRN silencing. 

PTGFRN’s primary binding partner, the tetraspanin CD9, has also been found to 

promote proliferation of certain cell types, but is still generally categorized as a 

metastasis suppressor, whereas CD151, a secondary partner of PTGFRN, is classified as 

a metastasis promoter (215,216). Interestingly, PTGFRN has been found to downregulate 

the expression of both CD9 and CD151 at the cell surface (146). While on the one hand, 

the downregulation of a metastasis suppressor would support PTGFRN contributing to a 

metastatic-like profile, the downregulation of a proliferation promoter and a metastasis 

promoter such as CD151 would theoretically be contrary to the observed effect of 

PTGFRN overexpression outlined above. This perhaps points to the involvement of other 

binding partners and/or signaling molecules being required to determine the final effect 

of tetraspanins on a cells phenotype.  

Previous research has indicated that both the transmembrane domains, as well as 

the cytoplasmic domain of PTGFRN regulates the effect on cell motility (217). In 

leukocytes, PTGFRN has been found to interact with ERM (Ezrin-Radixin-Moesin) 

proteins, which act as intermediaries between the cell membrane and cytoskeletal 

components (78). The rearrangement of cytoskeletal proteins is a requirement for cell 

motility, and has been found to be partially driven by not only ERM, but by the 

suppression of E-Cadherin expression, which leads to decreased cell junction tightness, 
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as well as altered membrane protrusion activity (218). Somewhat perplexing is the 

reported observation of collective migration in breast cancer, where rather than a single 

cell migrating individually, groups or clusters of cells migrate as a unit. In these units, the 

leading invading cells retain their E-Cadherin expression in order to stay connected to the 

other cells within the migrating cluster, while still being able to migrate (219). While this 

seems to contradict the idea that less E-Cadherin is required for cell migration, it perhaps 

highlights the importance of expression level, where falling below a certain threshold is 

sufficient, and not necessarily complete silencing of E-Cadherin, or perhaps modulation 

by binding partners such as PTGFRN and/or other tetraspanin partners. 

As discussed previously, one of the last stages of metastasis after systemic 

circulation and extravasation is the colonization of a secondary organ site. The ability of 

a single cancer cell to be able to proliferate and form a secondary tumor is a property that 

can be empirically measured in vitro through the use of the Clonogenic Assay. 

Clonogenicity is considered a hallmark property of malignant cancer cells, or cells 

transforming from benign to malignant type (220,221). Cells that exhibit enhanced 

clonogenicity have also been found to express higher amounts of stem-cell markers, such 

as ALDH, CD31, and OCT4 (222–224). We have looked at the effect of PTGFRN 

overexpression on multiple stem cell-like markers through the use of Microarrays and the 

Aldefluor Assay, and found a negligible effect on the expression of any tested stemness 

markers after PTGFRN knockdown or overexpression (Data not shown). Because of this, 

we can surmise that the effect of PTGFRN on clonogenesis may not be through 

promoting a stem cell-like phenotype. 
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Similar to clonogenic ability, the ability to form spheroids have previously been 

linked to the increased expression of stemness makers (225). Our discovery that E-

Cadherin and PTGFRN directly interact with each other, and that silencing of PTGFRN 

inhibits both Integrin β1 and E-Cadherin accumulation in 3D culture lends further 

evidence that PTGFRN can perhaps modulate the activity of multiple protein and protein 

complexes involved in cell migration and spheroid growth.  

Stable knockdown of PTGFRN by shRNA in A431 cells showed a significant 

increase in the conversion of LC3I into LC3B, a well-studied marker of the process 

known as autophagy (226). Autophagy is a category of cell death by which a cell 

selectively sequesters protein aggregates, lipids, and organelles, and delivers them for 

lysosomal degradation in response to stress or starvation, after which the degraded 

material is then recycled by the cell (227–229). This process has been found to play a 

pivotal role in cancer suppression, as demonstrated in liver carcinogenesis (230,231). 

However, the role of autophagy in survival during periods of starvation also mean that it 

can be used as a protective mechanism by cancer cells (232). Curiously, in a breast 

cancer model, autophagy was found to be supportive of the growth of primary tumors, yet 

inhibit metastatic outgrowth to a secondary site (233).  

Integrin β1, a known regulator of autophagy, exerts its suppressive effect by 

disrupting mTORC2/Akt phosphorylation (234). Furthermore, it directly interacts with 

the Receptor Tyrosine Kinase (RTK) c-Met, facilitating survival signaling from the 

autophagosome membrane (235). Integrins play a crucial role in cell attachment to the 

extracellular matrix (ECM), and their disruption can trigger anoikis, a form of cell death 

(236). Autophagy, activated as a survival mechanism during detachment-induced anoikis, 
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has been observed in such conditions (237). E-Cadherin is also linked to autophagy, as it 

gets sequestered into the autophagosome in breast and lung cancers (238,239). This 

autophagy-driven degradation of E-Cadherin is believed to regulate tumor progression, as 

the loss of E-Cadherin is commonly observed in migratory cells, breast cancers with poor 

prognosis, and dormant cancer cells (226,240). Determining whether the autophagy 

observed after PTGFRN knockdown is protective or pro-cell death would provide 

valuable insight. If this autophagy is determined to be pro-death, this would further 

support the positive correlation between PTGFRN expression and a metastatic-like 

phenotype. 

The mass spectrometric analysis performed here provided a copious amount of 

data for us to learn about the binding/complex partners of PTGFRN, and the overall 

effect of PTGFRN expression modulation in cancer. Firstly, the cellular processes whose 

members were decreased in expression after PTGFRN knockdown appear to validate 

some of our phenotypic findings described above. The inability to biosynthesize 

metabolic precursors, transport proteins for appropriate post-translational modification, or 

even produce normal levels of ATP from NADH oxidation would certainly likely result 

in diminished ability to proliferate in low-serum conditions, and would severely limit 

how many cells could grow into colonies from a single cell if said cell has lower 

proliferative capability. Secondly, while migration was not a pathway listed in the 

database these results were analyzed within, there are indeed proteins found to be 

involved in migration and invasion whose expression is decreased after PTGFRN 

knockdown. The proteins NUDT1, DKC1, RBBP7, and RSF-1 (all contained within the 

Chromosome Maintenance pathway), as well as LRRC59 (VEGFA-VEGFR2 signaling 
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pathway), have all been found to be involved in, and influence, migration in cancer cells 

(241–245). Likewise, while spheroid formation does not appear to be a listed pathway in 

the Metascape database, several proteins, such as Beta Catenin, CYC1, Plectin, and 

PRDX2 were found to be downregulated after PTGFRN knockdown, and studies have 

shown that downregulation of each of these proteins have been found to be detrimental to 

spheroid formation (246–248).  

Our observations on autophagy also seem to be supported with this analysis, with 

proteins such as RILPL2 and TRIM65 being upregulated after PTGFRN knockdown. 

Both of these proteins have been found to positively regulate autophagy (249,250). In 

addition to multiple autophagy-related proteins being increased after PTGFRN 

knockdown, we also discovered that proteins involved in the pathway of apoptotic 

cleavage of cellular proteins were also significantly decreased. This seemingly confirms 

that the autophagy observed after PTGFRN knockdown is protective, and a mechanism to 

prevent apoptosis of the cancer cell. Thus, loss of PTGFRN exhibits a stress to the cell, 

which in turn causes the cell to turn to autophagy to stave off apoptosis. The upregulation 

of numerous immune system signaling and cell cycle pathways after PTGFRN 

knockdown seem to indicate that PTGFRN typically functions as a negative regulator of 

these processes, although further research will need to be done to elucidate the exact 

mechanism by which PTGFRN performs said negative regulation. 

When analyzing the proteins that are directly bound/complexed with PTGFRN, 

and can immunoprecipitate using an anti-PTGFRN antibody, the pathway whose 

members showed the most interaction with PTGFRN was Metabolism of RNA. In fact, of 

the top 20 pathways whose proteins were found to be bound to PTGFRN, 9 of them are 
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involved or associated with RNA processing and/or translation.  Proteins involved in the 

formation of the ribosome subunits (RPL3, RPS8), RNA polymerase (POLR2H), 

removal of introns from pre-mRNA (SNRPB2), and translation initiation factors (EIF2a) 

were among the most abundantly co-immunoprecipitated along with PTGFRN. This is 

quite interesting, as these proteins are typically found in the cytoplasm, located nearby 

the endoplasmic reticulum (251), whereas PTGFRN is most commonly found in the 

plasma membrane. This result could mean that PTGFRN serves as a membrane anchor, 

working as a part of a large scaffold to stabilize the ribosome, as well as the various 

polymerases and translation factors, so that they can properly process RNA. PTGFRN 

could also be functioning as a trafficking protein, making sure that these components 

reach their required subcellular locations from the Golgi Apparatus, but not actually 

contributing to their overall function. Regardless, these results show that there seems to 

be intracellular PTGFRN whose functions differ from those associated with its plasma 

membrane form. It is unclear at this time if these differing functions are due to distinct 

isoforms through alternative splicing, different glycosylation patterns, or if the 

subcellular location of PTGFRN determines their overall functions.   

Another pathway whose protein members were found to co-IP with PTGFRN was 

that of VEGFA-VEGFR2 signaling, which is a pathway that was also found to be 

significantly attenuated following PTGFRN knockdown. Notably, the only protein that 

was found to be both downregulated after PTGFRN knockdown, as well as bound to 

PTGFRN in our co-IP was LMAN1, a protein found to regulate protein folding, transport 

to the Golgi from the Endoplasmic Reticulum, and other organelle organization, lending 

further support to the hypothesis that PTGFRN seems to be highly involved in RNA 
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processing and translation, and the trafficking of the newly-translated protein to the Golgi 

and further cellular locations.  

The co-immunoprecipitation analysis also verified some of our above immunoblot 

data, confirming that PTGFRN was able to also pulldown Integrin β1. However, E-

Cadherin, while indeed found to be present in the pulled-down proteins, was not found to 

be statistically significantly present in quantities higher than those seen in the control IP 

samples. This is concerning, and warrants more exploration to determine if our 

immunoblot data was a fluke, or where this discrepancy may have originated from. We 

have verified that our anti-E-Cadherin immunoblot antibody is specific to E-Cadherin by 

transfecting E-Cadherin siRNA into these cells, and confirming that the western blot 

band attributed to E-Cadherin decreased after transient knockdown. Regardless, more 

work will need to be undertaken in order to definitively conclude that PTGFRN is a 

direct binding partner of E-Cadherin. 

To conclude, we have found elevated PTGFRN expression to be associated with a 

metastatic-like phenotype in three different cancer cell lines. The proliferative, migratory, 

and clonogenic capability of these cancer cells, as well as their ability to form 3D 

spheroids, drastically decreased following PTGFRN abrogation, and increased in 

PTGFRN-overexpressing cells. Using previous knowledge of the proteins that drive 

spheroid formation, we found evidence of direct protein-protein interactions between 

PTGFRN and the proteins Integrin β1 and E-Cadherin using co-immunoprecipitation 

methods. In parallel to these assays, mass spectrometric analysis was carried out on A431 

cells and their PTGFRN-knockdown counterparts, as well as the PTGFRN co-

immunoprecipitation products, for a more comprehensive look at the effect of PTGFRN 
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expression, and the proteins and cellular pathways involved/affected. These mass 

spectrometric results verified much of what we observed in the phenotypic assays, with 

the exception of the PTGFRN-E-Cadherin interaction, which needs to be further 

explored. The results in total reported in this chapter point to a role of PTGFRN in cancer 

progression and offer the possibility that it could also be a target for drug development. 
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Chapter 3 

PTGFRN as a Target for ADC Development 

3.1 Introduction 

 

 The studies described in Chapter 2 support the hypothesis that PTGFRN 

expression directly or indirectly controls several characteristics of a cancer cell’s 

phenotype, and thus could be involved in cancer metastasis. Also of note was the fact that 

healthy tissue samples screened for their expression of PTGFRN did not show significant 

levels of PTGFRN, while various cancerous tissues examined showed elevated PTGFRN 

expression. This would suggest that PTGFRN has therapeutic potential and  that 

PTGFRN could be targeted by an internalizing monoclonal antibody in the form of an 

Antibody-Drug Conjugate, which could deliver to PTGFRN positive cancer cells a toxic 

payload, which could be tested by in vitro and in vivo animal studies. 

 In this chapter, we describe how we originally identified PTGFRN as a potential 

antibody target using mass spectrometric analysis. After confirming PTGFRN’s identity, 

we then conjugated the ribosome-inactivating compound Saporin to our first-generation 

murine antibody 33B7 as a proof-of-concept ADC. Initial testing of this 33B7-based 

ADC showed moderate activity, both in vitro and in vivo.  

From this data, we then developed and characterized a second-generation, fully 

human anti-PTGFRN antibody, referred to as 8C7. This human antibody displayed 

improved physical and binding characteristics compared to the 33B7 mouse antibody. In 

addition, we opted to use the alternative payload Duocarmycin for this new ADC, as this 
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compound was found to be more efficacious, and ADCs using this payload have 

previously been carried further into clinical trials, although to date, none have been 

granted approval. This second-generation ADC showed remarkedly higher activity, and 

no obvious signs of off-target toxicity in tumor-bearing mice. This data indicates that 

PTGFRN could very well be a valid target for ADC development, and that our 8C7-

Duocarmycin-based ADC should be further developed and investigated in potential IND-

enabling studies. 

3.2 Materials and Methods 

 

3.2.1 Cell Culture 

 

All cell lines were obtained from the American Type Culture Collection (ATCC, 

Manassas, VA). The hamster spindle cell carcinoma cell line AGSCC-3 was isolated in 

our laboratory.  All cell cultures were incubated in a 5% CO2 incubator at 37°C. HEK-

293A cells, as well as all transfected clones derived from HEK-293A cells, were cultured 

in Dulbecco’s Modified Eagle’s Medium (DMEM; HyClone, Cat. SH30022.02) with 5% 

fetal bovine serum (FBS). Culture medium for the PTGFRN-transfected HEK-293A cells 

also contained 600μg/mL of G418. AGSCC-3, A431 (CRL-1555), DAOY (HTB-186), 

and MSTO-211H (CRL-2081), MDA-231 (CRM-HTB-26), and TOV-21G (CRL-11730) 

cells were cultured in DMEM/F12 medium (1:1 mixture) supplemented with 50μg/ml 

Gentamicin and 5% FBS.  

3.2.2 PTGFRN Immunoblot 

 

For Western Blot analysis, cells were lysed in RIPA buffer containing protease 

inhibitors. 30µg of total cell lysate proteins were prepared, and diluted with reducing 
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SDS+DTT sample buffer. After heating to 100oC for 5 minutes, and cooling on ice, all 

samples were run on 4-12% Bis Tris gels (Genscript, M00653). After separation, proteins 

were transferred to a PVDF membrane, and blocked in 5% milk-PBST for 1 hour at room 

temperature. Following blocking, membranes were incubated with the anti-PTGFRN 

sheep antibody (Bio-techne, AF4495) at a concentration of 0.2µg/mL, overnight at 4oC. 

The next day, membranes were washed in PBST, then incubated in Rabbit-anti-Sheep-

HRP conjugated antibody (Jackson ImmunoResearch, 313-035-045) in 5% milk-PBST 

(1:2000) for 1 hour at room temperature. Membranes were then developed with ECL 

chemiluminescent solution in an Azure Biosystems 280 chemiluminescent unit.  

 

3.2.3 Production of 33B7 and 8C7 mAb 

 

33B7 and 8C7 hybridomas were cultured in static bioreactor bag in serum-free 

medium for 14 days. Both antibodies were purified from the culture medium by affinity 

purification through a 10 ml protein-A sepharose column using an FPLC NGC machine 

(Bio-rad, Hercules, CA) at a flow rate of 5mL/min. The captured antibody was eluted 

with pH 2.5 Glycine (50mM), and neutralized with pH 8.5 Tris (1M) to a final pH of 7.4. 

The antibody was then buffer exchanged by dialysis into PBS pH: 7.4. Antibody purity 

was checked by SDS-PAGE electrophoresis in reduced and non-reduced conditions. 

 

3.2.4 Purification of Antibody Target Protein and Identification by Mass 

Spectrometry 

 

AGSCC-3 spindle cell carcinoma cells were cultured in 2 Roller Bottles in 

DMEM/F12 medium supplemented with 5% FBS. After reaching confluency, the cells 

were detached by incubation with 5mM EDTA in PBS. 5.0x107 cells were then washed 
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twice with 10mL of PBS, and finally re-suspended in 2mL of PBS. 4mg of Thermo 

Fisher EZ-Link™ Sulfo-NHS-Biotin (Thermo Fisher) was added to the cell suspension, 

and the cells were allowed to mix for 2 hours at 4°C. 

After 2 hours, the biotinylation reaction was quenched by spinning down the cells, 

aspirating the biotin-containing supernatant from the pellet, and washing the pellet 3 

times with 10mL of PBS containing 100mM Glycine. Cells were then incubated with a 

hypotonic solution (10mM HEPES, 15mM MgCl2, 10mM KCl, 0.2mM Sodium 

Orthovanadate, 0.5mM PMSF) for 20 minutes on ice. After hypotonic shock, cell 

material was homogenized by Teflon pestle to promote cell rupture. 

Differential centrifugation was then carried out, starting first with a 15-minute 

centrifugation at 700G in a Sorvall RT6000 Refrigerated Centrifuge to remove the nuclei. 

The supernatant was then centrifuged at 10,000G for 25 minutes in a Fisher Scientific 

accuSpin Micro R tabletop centrifuge for organelle removal. Finally, a 60-minute 

centrifugation at 114,000G in a Beckman J2-21 centrifuge was carried out to isolate the 

membrane fraction. This pellet was then solubilized in RIPA buffer (Millipore Sigma) 

containing Roche cOmpleteTM, EDTA-free protease inhibitor cocktail (Millipore 

Sigma). After initial solubilization, the solution was sonicated for 20 seconds on ice, with 

40 seconds rest on ice. This cycle was repeated three times. 

After determining the total protein concentration by MicroBCA, samples 

containing 1mg each of solubilized membrane protein fraction were immunoprecipitated 

by incubation with either 40μg of 33B7 antibody, 40μg of non-immune mouse IgG 

(BioXCell, Lebanon, NH), or 40μg of unrelated control antibody called 21F2 overnight at 

4°C. 25μL of protein G agarose beads (Protein Mods) were then added to bind the 
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antibody and any antibody-bound proteins. The beads were subsequently centrifuged and 

washed 5 times with 1mL cold RIPA buffer. Protein G agarose-bound proteins were 

eluted with pH 1.9 Glycine buffer (50mM Glycine, 25mM NaCl), and neutralized to pH 

7.4 with a Tris neutralization buffer (1M Tris, 1.5M NaCl). 25μL of Streptavidin agarose 

beads (Millipore Sigma) were added to this elution, and incubated for 1.5 hours at 4°C. 

After washing the beads 5 times with PBS, the beads were treated with 50μL of 2X SDS 

sample buffer solution containing 200mM DTT (Grainger, Lake Forest, IL) and heated to 

95°C for 5 minutes. 

To confirm the presence of protein, 10μL of the eluted material was analyzed by 

SDS-PAGE on two 1mm 4–12% Bis-Tris Bolt gels (Invitrogen). With one of the gels, 

proteins were transferred onto a PVDF membrane, followed by Western Blot with 

Streptavidin-HRP to visualize biotinylated proteins pulled down by our antibodies. The 

second gel was incubated in a colloidal blue staining solution (Thermo Fisher) for 3 hours 

to stain the proteins. After being de-stained, a prominent 130kDa band was apparent in 

the gel. This band, and the same area of the gel in the mouse IgG lane, was excised for 

Mass Spec analysis. In-gel trypsin digestion, followed by HPLC and mass spectrometry 

using a Quadrupole-Orbitrap mass spectrometer was performed at the Proteomics and 

Mass Spectrometry Facility of the University of Massachusetts Medical School 

(Shrewsbury, MA). Data was analyzed using Scaffold software. 

3.2.5 Measurement of Cell Surface Binding by Flow Analysis 

 

For 33B7 flow binding analysis, cells were collected with PBS-5mM EDTA. 

5x105 cells were incubated in 10µg/mL mouse  IgG or 33B7 mAb in DMEM + 1% FBS 

for 1-hour at 4°C. Cells were then washed in 200μL cold PBS, and incubated with 
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10μg/mL Rabbit-anti-Mouse IgG (Jackson ImmunoResearch Laboratories) in DMEM + 

1%FBS for 1-hour at 4°C. Cells were then washed in 200μL cold PBS, and incubated in 

20μg/mL Goat-anti-Rabbit-Alexa 647 in DMEM + 1% FBS for 1-hour at 4°C (Jackson 

ImmunoResearch Laboratories).  

For 8C7 flow binding analysis, 5x105 cells were incubated in 0.1 and 1.0µg/mL 

human IgG or 8C7 mAb in DMEM + 1% FBS for 1-hour at 4°C. Cells were then washed 

in 200μL cold PBS, and incubated with 10μg/mL Rabbit-anti-Human-Alexa 647 in 

DMEM + 1% FBS for 1-hour at 4°C (Jackson ImmunoResearch Laboratories).  

All cells were washed in 200μL cold PBS, then re-suspended in 160μL PBS, and 

binding was measured using an HTFC Screening Flow Cytometer (Sartorius). 

3.2.6 Examination of 33B7 by Immunofluorescence (IF) Assay 

 

AGSCC-3 IF 

Sterile glass coverslips (Thermo Fisher) were placed in 35mm dishes (Corning), 

and coated with 33μg/mL Rat Collagen Type 1 (Corning) in sterile H2O overnight at 

4°C. The collagen solution was aspirated the next day, and the dishes and coverslips were 

air-dried. 1x105 cells were seeded into these dishes and cultured for 2 days. On Day 2, 

cells were incubated in 1.5mL of 5μg/mL mouse IgG or 33B7 in DMEM + 1% FBS for 

1-hour at 4°C. This antibody solution also contained 10μg/mL of DAPI (4′,6-diamidino-

2-phenylindole; Thermo Fisher, Cat. D1306) for nuclear counter-staining. Cells were 

then washed with 2mL cold PBS, and incubated with 10μg/mL rabbit-anti-mouse IgG in 

DMEM + 1%FBS for 1-hour at 4°C. Cells were washed with 2mL cold PBS, and 

incubated with 20μg/mL goat-anti-rabbit-rhodamine conjugate (Thermo Fisher, Cat. R-



 

78 

 

6394) in DMEM + 1% FBS for 1-hour at 4°C. Cells were washed in 2mL cold PBS. For 

time = 0, the coverslips were immediately removed from the 35mm dishes, and placed on 

a microscope slide (Thermo Fisher, Cat. 3400), and viewed with an Olympus BX40 

fluorescence microscope, through the TRITC filter. The t = 1-hour at 37°C and t = 1-hour 

at 4°C dishes were placed in their respective incubator/fridge, and incubated for 1-hour, 

at which point the cells were washed once more with cold PBS. The coverslips were 

removed, placed on a slide, and viewed in our fluorescent microscope. 

PTGFRN- and Mock-Transfected HEK-293A Immunofluorescence (IF) 

HEK-293A cells were transiently transfected with either human PTGFRN cDNA 

expression vector, or empty expression vector as described below. After 48 hours 

transient transfection, cells were collected with PBS-5mM EDTA. 5x105 cells were 

incubated in 100μL of 5μg/mL mouse IgG or 33B7 in DMEM + 1% FBS for 1-hour at 

4°C. This antibody solution also contained 10μg/mL of DAPI (4′,6-diamidino-2-

phenylindole) for nuclear counter-staining. Cells were then washed in 200μL cold PBS, 

and incubated with 10μg/mL rabbit-anti-mouse IgG in DMEM + 1%FBS for 1-hour at 

4°C. Cells were then washed in 200μL cold PBS, and incubated in 20μg/mL goat-anti-

rabbit-rhodamine conjugate in DMEM + 1% FBS for 1-hour at 4°C. Cells were washed 

in 200μL cold PBS. At time 0, the cells were then re-suspended in 10μL of PBS, pipetted 

onto a microscope slide with coverslip, and viewed with an Olympus BX40 fluorescence 

microscope, through the TRITC filter. In parallel, one aliquot of the cell suspension was 

placed for 1-hour in a 37°C incubator, and a second aliquot was placed for 1-hour in a 

4°C fridge. At the end of the incubation, the cells were washed with cold PBS, re-

suspended in 10μL of PBS, pipetted onto a microscope slide with coverslip, and viewed 
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with an Olympus BX40 fluorescence microscope, through the TRITC filter. All images 

were taken with TSView software (Version 7), and composite images were generated 

using ImageJ software. 

A431 Immunofluorescence (IF) 

Chambered coverslips were coated overnight at 4oC in 50µg/mL Poly-D-Lysine 

in sterile deionized water. Next day, aspirated solution from the coverslips, and allowed 

the coverslips to air dry for 2 hours. 7.5x104 A431 cells were seeded on coverslips and 

allowed to attach overnight in a 37oC humidified 5% CO2 incubator. The next day, cells 

were washed once with PBS, and incubated with 1mg/mL 8C7 directly conjugated to 

Alexa Fluor647 at 4oC for 1 hour (Diluted in 1% BSA in DMEM). After binding 

incubation, one coverslip was placed back into the 37oC incubator for 1.5 hours. Upon 

time point completion, coverslips were washed three times with cold PBS and fixed in 

4% paraformaldehyde for 10 minutes at room temperature. After three more washes in 

PBS, cells were mounted and viewed using a Nikon A1 point-scanning laser confocal 

microscope (NIS-Elements, 60X). 

3.2.7 PTGFRN cDNA Transfection into HEK-293A Cells 

 

Full-length human PTGFRN cDNA was synthesized into pcDNA3.1 (+) vector 

(Invitrogen). The PTGFRN cDNA expression vector plasmid (1µg) was transiently 

transfected into HEK-293A cells with a Lipofectamine transfection kit (Thermo Fisher). 

4x105 HEK-293A cells were plated in a 6-well plate. 24 hours later, 3 wells were 

transfected with an empty pcDNA 3.1 vector as a mock transfection negative control, 

while the other 3 wells received the PTGFRN plasmid. After 5 hours incubation with 
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Lipofectamine and plasmid DNA, the mixture was aspirated from the cells, and replaced 

with complete serum-supplemented medium. For transient transfection, the cells were 

collected after 48 hours, with one well used to collect lysate (100μL RIPA lysis buffer 

with protease inhibitor cocktail), while the remaining cells were harvested with 5mM 

EDTA, and Flow Cytometry and Immunofluorescence were performed as described 

above. 

3.2.8 Inhibition of Proliferation with 33B7 and Fab-ZAP Secondary Antibodies 

 

In a 96-well plate, 2000 cells/well were plated in triplicate in 100μL of 

DMEM/F12 medium supplemented with 5% FBS, 0.4ug/ml 33B7 antibody, and 0.9ug/ml 

of anti-mouse Fab-conjugated with Saporin (Fab-ZAP, Advanced Targeting Systems, 

Cat. IT-48). As an isotype control, cells were incubated with mouse IgG (instead of 

33B7) and Fab-ZAP. Cells incubated with 33B7 and mouse IgG without Fab-ZAP were 

also used as experimental negative controls. After 72 hours, cell proliferation was 

measured by CellTiter-Glo® Luminescent Cell Viability Assay reagent (Promega) 

according to manufacturer’s instructions. The luminescence levels were measured with a 

SpectraMax M2 (Molecular Devices, San Jose, CA). 

After testing the antibody with the secondary antibody-saporin conjugation, we 

then tested our 33B7 directly conjugated to saporin in the same assay at various 

concentrations up to 10nM. 8C7 directly conjugated to Duocarmycin was also tested via 

this same method. 
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3.2.9 Direct Conjugation of Antibodies 

 

Purified 33B7 antibody was sent to Advanced Targeting Systems (Carlsbad, CA), 

where saporin was directly conjugated to the Fc region of 33B7 using their proprietary 

cleavable linker. 

The human IgG control antibody was generated in-house and purified in identical 

manner as 8C7, but raised against an unrelated antigen. TCEP, L-cysteine hydrochloride, 

Ellman’s Assay reagents, and Dimethylacetamide (DMA) were all purchased from 

Thermo Fisher. The duocarmycin payload and valine-citrulline linker moiety were 

purchased pre-synthesized from MedChem Express in the form of MC-Val-Cit-PAB-

Duocarmycin chloride. The G-25 gel filtration columns were purchased from Cytiva.  

8C7 and IgG control antibodies were buffer exchanged into a conjugation buffer 

(pH 8) consisting of 25mM Borate, 25mM NaCl, and 1mM 

Diethylenetriaminepentaacetic acid (DTPA), and concentrated until >5mg/mL. 2.5 molar 

equivalents of TCEP were added to the antibody solution and incubated for 40 minutes at 

37oC. After this incubation, the antibody solution was immediately chilled on ice and 

Ellman’s Assay analysis showed an average free thiol/IgG ratio of 4-5. 

Dimethylacetamide (DMA) was added to the antibody solution at a final 

concentration of 10%. The pre-synthesized duocarmycin payload and valine-citrulline 

linker in the form of MC-Val-Cit-PAB-Duocarmycin was added at a 1.2-fold molar 

excess of the free thiol concentration and incubated at room temperature for 45 minutes. 

The reaction was quenched by adding a 20X excess of Cysteine-HCl. After 30 minutes 

incubation with cysteine at room temperature, the ADC solution was run through two 
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G25 columns equilibrated in a 50% HIC Mobile Phase A/50% H2O solution to 

completely remove unreacted Linker-payload and free cysteine. 

3.2.10 Purification of 8C7 ADC by HIC 

 

8C7-Duocarmycin, as well as the IgG-duocarmycin control, were purified on a 

pre-packed HiScreen Butyl HP HIC column (7.7 X 100mm, 4.7mL, Cytiva, Cat. 

28978242) attached to a Bio-Rad NGC Medium Pressure Chromatography System at 

room temperature. Before injection of the sample, the column was equilibrated with 3 

column volumes of Mobile Phase A buffer (1.5M Ammonium Sulphate, 25mM Na3PO4, 

pH 8). The ADC sample in 50% mobile phase A buffer was loaded onto the column and 

eluted using a linear gradient from 0% Mobile Phase B to 100% Mobile Phase B (25% 

Isopropanol, 25mM Na3PO4, pH 8). The flow rate was 0.8ml/min, and elution was 

performed over 18 minutes, or three column volumes. Only the conjugated ADC fraction 

was collected, buffer exchanged to PBS (pH 7.4), and then sterilized by syringe filtration. 

Concentration was determined using Nanodrop measuring absorbance at OD280.  

3.2.11 In Vivo Mouse Studies 

 

These studies were carried out in strict accordance with the recommendations of 

the Guide for the Care and Use of Laboratory Animals from the National Institutes of 

Health. The protocol used for these studies was approved by the Institutional Animal 

Care and Use Committee (IACUC) of A&G Pharmaceutical (Protocol number: GS-01). 

All animal procedures were performed under isoflurane anesthesia and all efforts were 

made to minimize animal suffering. 
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Animals were housed in the Institution’s AAALAC-accredited and OLAW 

certified animal facility, (OLAW D16-00700). Experiments were carried out following 

A&G’s IACUC-approved procedures. Animal rooms were humidity and temperature 

controlled with a 12-hour light/dark cycle. 6 to 8-week-old female Athymic nude mice 

(Charles River Laboratories, Wilmington, MA) were housed with no more than 5 

mice/cage aseptically in autoclaved plastic cages with filter top containing autoclaved 

1/8” corncob bedding, 18% protein, 9% fat, extruded rodent pellets, and sterile tap water. 

Cages, food, and water were replaced once a week, using aseptic techniques. 

For each cell line investigated, 30 Athymic nude mice (Charles River) were 

subcutaneously injected with 106 cells in serum-free DMEM/F12. For A431 cells, only 

5x105 cells were injected per mouse.  The mice were monitored until the subcutaneous 

tumor reached approximately 50-100mm3. After measuring tumor size as described 

below, mice were randomized into 2-3 experimental groups, and ear-marked for 

individual identification. Animals with tumors that were too large or too small at the time 

of randomization were not included in the experiments. The number of mice per group 

was determined by power calculation based on the hypothesis of an at least 50% 

difference in tumor volume between the test and control groups (183). 

Mice were monitored daily for general health, sign of distress, and/or tumor 

necrosis. If a mouse within a cage showed any signs of illness, the mouse was isolated in 

a new cage with enrichment objects and monitored for any change in health. Humane 

endpoints were incorporated into animal procedures. Mice were euthanized once tumor 

volume exceed 3000mm3, whenever tumor ulceration/necrosis became severe, or if mice 

were persistently ill, even after isolation and monitoring. Any tumor ulcerations typically 
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coincided with other humane endpoints, or occurred at the end of the experiment, so 

termination of the mice was prompt in order to reduce potential pain and distress. 

Tumor measurements were taken twice a week aseptically with a caliper, and 

volume was calculated using the formula (L x (W2)/2). For each mouse, tumor growth 

rate was measured as the tumor volume on day of measurement divided by the initial 

tumor volume on Day 1. At the end of the experiments, the mice were euthanized 

following approved guidelines by isoflurane anesthesia, exsanguination by cardiac 

puncture, followed by cervical dislocation. Both experiments were repeated twice. 

3.2.12 Statistical Analysis 

Statistical analyses were carried out using GraphPad Prism version 8.3. All in 

vitro assays were carried out in triplicates and repeated three times. Results were 

analyzed for statistical significance using a Welsh’s T-test. 

Animal studies were analyzed at each time point between the groups using Two-

Way Analysis of Variance (ANOVA) utilizing post-hoc Bonferroni analysis, and/or 

Mixed Effects analysis wherever necessary. For all statistical analysis, results are shown 

as mean ± SD. Significance was determined at P < 0.05 (*), P < 0.01 (**), P < 0.001 

(***). 

3.3 Results 

3.3.1 Binding and Internalization of 33B7 Monoclonal Antibody to Cancer Cells 

Flow binding assay to examine 33B7 binding on cell surface identified the spindle 

cell carcinoma cell line AGSCC-3 as highly positive for 33B7 binding. In addition to the 
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binding to the cell surface of AGSCC-3 cells, 33B7 was internalized when cells were 

placed at 37°C for 1 hour. These results are presented in Figure 3.1. 

 

Figure 3.1 33B7 binding and internalization in cancer cells. (A) The spindle cell 

carcinoma cell line AGSCC-3 was tested for 33B7 binding by Flow Cytometry and 

showed high levels of binding. (B) AGSCC-3 cells show immunofluorescence binding of 

33B7 (red), and not mouse IgG. Cells allowed to incubate at 37C for an hour show a 

punctate appearance, signifying internalization of the fluorescent-labelled antibody. Cells 

incubated at 40C did not show this internalization. DAPI (blue) was used to counterstain 

nuclei. 
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3.3.2 Purification of 33B7 Cell Surface Target 

AGSCC-3 cells, which showed a high level of 33B7 binding by flow assay, was 

used for purification and identification of the 33B7 cell surface target. Details of the 

purification procedures are provided in the Material and Method section. Briefly, the cell-

surface proteins were biotinylated, followed by plasma membrane preparation, 

solubilization, and immunoprecipitation by incubation with 33B7 antibody, or with 

unrelated antibodies used as negative controls, followed by protein G beads capture as 

described in the method section. Proteins bound to the 33B7-protein G beads or control 

antibody-protein G beads were eluted by acidic pH and the resulting supernatants were 

neutralized and incubated with streptavidin beads to bind the biotinylated proteins eluted 

from the antibodies protein G beads. After incubation, beads were washed, mixed with 

SDS-sample buffer and the bound proteins were resolved by SDS-polyacrylamide gel 

electrophoresis on a 4–12% Bis-Tris polyacrylamide gel.  

This gel was then transferred to a PVDF membrane for western blot analysis to 

detect biotinylated proteins with Streptavidin-HRP incubation as described in the method 

section. As shown in Figure 3.2A, a major protein band with an apparent molecular 

weight of 130kDa was detected by HRP-streptavidin western blot analysis. At this point, 

the remaining IP elution was run on an additional gel, and this time was stained with 

Coomassie Blue stain. A major band with a similar apparent molecular weight was also 

detected on the gel stained with Coomassie Blue (Figure 3.2B). This band was not 

present in samples from the same cell extract that had been immunoprecipitated with 

non-immune mouse IgG, or an unrelated antibody control 21F2.  
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Figure 3.2 Immunoprecipitation with 33B7 pulls down a unique 130kDa protein. 

33B7 and two negative control antibodies were used to immunoprecipitate (IP) the 

biotinylated membrane fraction of AGSSC-3 cells. (A) Western Blot using Streptavidin-

HRP on IP elutions of biotinylated membrane fraction. (B) Coomassie gel staining of IP 

elutions. A 130kDa band was visible in both assays, and only seen in the fraction 

immunoprecipitated with the 33B7 mAb. 

 

 

The gel fragments corresponding to the position of the 130kDa band detected by 

Coomassie Blue were excised from the 33B7 lane and from the mIgG lane and sent to the 

Proteomics and Mass Spectrometry Facility of the University of Massachusetts Medical 

School for in-gel trypsin digestion, HPLC, and Mass Spectrometric analysis. 

3.3.3 Mass Spectrometric Identification of the Cell Surface Target 

After analyzing the data received from the mass spectrometry facility, the protein 

with the highest number of identified peptides in the 33B7 lane was identified as 
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Prostaglandin F2 Receptor Negative Regulator, or PTGFRN (ID number Q9P2B2). Table 

3.1 shows the top 5 most abundant proteins identified. We can see that the band excised 

from the 33B7 IP lane contained 246 PTGFRN-unique peptides, compared to just 53 in 

the corresponding excised mIgG portion, with PTGFRN being by far the most abundant 

protein identified. 

Protein Name Accession 

Number 

Molecular 

Weight 

(kDa) 

33B7 Unique 

Peptide 

Number 

mIgG Unique 

Peptide 

Number 

Prostaglandin F2 

Receptor 

Negative 

Regulator 

 

Q9P2B2 

 

94 

 

246 

 

53 

Keratin, Type II 

cytoskeletal 

P04264 94 80 41 

Desmoplakin P15924 328 39 5 

Vimentin P08670 54 15 16 

Junction 

Plakoglobin 

P14923 128 15 4 

Table 3.1 Mass spectrometric analysis of 33B7 immunoprecipitation elution. This 

table shows the 5 most abundant proteins detected in the mass spectrometric analysis of 

the 33B7 IP. PTGFRN is the most abundant protein immunoprecipitated by 33B7 and is 

most likely to be the 33B7 antigen. 

 

3.3.4 HEK-293A Cells Transiently Transfected with Human PTGFRN cDNA Can 

Bind 33B7 Antibody 
 

Experiments were carried out to verify that PTGFRN identified by mass 

spectrometry was the target protein binding to the 33B7 antibody. For this purpose, as 

described in the methods section, we inserted human PTGFRN cDNA into a pcDNA3.1 



 

89 

 

vector, and transiently transfected it into HEK-293A cells, which are negative for 

PTGFRN, as shown by western blot analysis. The resulting PTGFRN expressing cells 

were used to examine 33B7 binding by flow cytometry, comparing mock transfected 

HEK-293A cells vs. PTGFRN transfected cells (HEK-PTG). As presented in Figure 3.3, 

the HEK-PTG cells showed a large increase in binding by 33B7 while mock transfected 

HEK-293A cells showed no 33B7 binding, confirming the mass spectrometry results 

identifying PTGFRN as the 33B7 binding protein.  

 

Figure 3.3 Transfection of human PTGFRN cDNA in HEK-293A cells results in a 

significant increase in 33B7 binding. 33B7 cannot bind to the surface of HEK-293A 

cells. However, after transfection of human PTGFRN cDNA, 33B7 binding increases 

almost 100X. 

 

3.3.5 33B7 induces internalization of PTGFRN 

Since 33B7 was binding on the cell surface of PTGFRN-transfected (HEK-PTG) 

cells, we then tested by immunofluorescence whether the transfected PTGFRN protein 

was also internalized by 33B7. After antibody binding at 4oC, the cells were placed in a 
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37oC incubator for 1-hour followed by observation under a fluorescent 

microscope. Figure 3.4 shows strong cell surface binding of 33B7 on the PTGFRN-

transfected HEK-PTG cells maintained at 4oC, with no visible binding on the mock-

transfected HEK-293A cells. After 1-hour incubation at 37oC, the immunofluorescence 

(red) was intracellular and had a punctate appearance, indicating internalization of 

PTGFRN had occurred at 37oC upon binding of the 33B7 antibody. The 33B7 binding 

remained on the cell surface for the cells maintained at 4oC for 1 hour, instead of 37oC 

indicating that no internalization had occurred at 4oC. 
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Figure 3.4 Binding of 33B7 causes the internalization of PTGFRN. Mock HEK-293A 

cells and HEK-PTG cells were used to visualize 33B7 binding and internalization by 

immunofluorescence as described in the method section. DAPI was used to counterstain 

the cell nuclei (Blue). 

 

3.3.6 Inhibition of Proliferation of PTGFRN-Transfected HEK-293A Cells, Natural 

Cancer Cells, by Internalization of 33B7 
 

After confirming that 33B7 could bind and internalize cell-surface PTGFRN on 

the HEK-PTG cells, we next examined whether it could be used to deliver a toxic 

payload to cells expressing this target. As a proof-of-concept, we chose to use a saporin-

conjugated Fab fragment anti-mouse IgG antibody, which is commercially available, and 

is widely used for internalization studies (252). Saporin is a 30kDa Ribosome-
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inactivating protein purified from the seeds of the Soapwort plant (Saponaria officinalis). 

It acts as an N-glycosidase and cleaves RNA that codes for the 28S subunit of the 

ribosome. This results in inactive ribosomes, and thus, cell death. However, saporin is 

unable to pass through the cell membrane by itself (253). The only way it can reach the 

ribosomal RNA is by conjugation to an internalizing antibody, or other agent able to 

enter the cell. This makes it a great tool to demonstrate proof of concept for payload 

delivery via 33B7 antibody. Treatment with the internalizing anti-PTGFRN 33B7 

antibody either directly conjugated to saporin, or in combination with an anti-mouse 

secondary antibody conjugated to saporin (Fab-ZAP), should result in inhibition of cell 

proliferation of 33B7-positive cells. 

As shown in figure 3.5, HEK-PTG proliferation was inhibited by 80% ± 5% by 

treatment with 33B7 antibody and Fab-ZAP, as described in the methods section. We 

also tested the sensitivity of the cell lines under investigation to unconjugated saporin 

alone and found that the lowest concentration that we saw toxicity was 1μM (data not 

shown). This concentration greatly exceeds the working concentration of saporin that 

would be used with our conjugates, which is approximately 25nM for our in vitro assays, 

and approximately 100nM in our in vivo assays. 
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Figure 3.5 Incubation of PTGFRN-overexpressing HEK-293A cells with 33B7 and 

anti-mouse secondary antibody-saporin conjugate. Cells that overexpress PTGFRN 

were killed when incubated in the presence of 33B7 and an anti-mouse secondary 

antibody conjugated to the cytotoxic payload Saporin. 

 

At this point, we had the 33B7 antibody custom conjugated directly to saporin, 

resulting in our proof-of-concept ADC. Mouse IgG conjugated with saporin was used as 

a negative isotype control. 

Western blot analysis using an anti-PTGFRN antibody was used to examine 

PTGFRN expression in several cancer cell lines. Among the human cell lines 

investigated, A431, DAOY, and MSTO-211H cells were positive for PTGFRN, with the 

highest expression being in A431 cells. JEG-3, TOV-21G, and MDA-231 cells were 

found to be PTGFRN negative. We then looked at levels of 33B7 binding to these cells 

by flow cytometry, and found that 33B7 binding occurred at levels that reflected their 

respective PTGFRN expression level.  
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These cell lines were then used to examine the effect of the 33B7-saporin ADC 

on in vitro cell proliferation. When compared to the saporin IgG negative control, 

PTGFRN-positive human cancer cells treated with the 33B7-ADC resulted in a 61% ± 

2% reduction of proliferation in A431 cells, and a 51% ± 6% reduction on proliferation in 

DAOY cells. No growth inhibitory effect of the 33B7-saporin ADC was observed for the 

PTGFRN-negative cell lines (TOV-21G, MDA-MB-231). Figure 3.6 illustrates the 

results of these western blot, flow cytometry, and proliferation inhibition assays. 
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Figure 3.6 PTGFRN expression and effect of 33B7 on various cancer lines.             

(A) PTGFRN expression by Western Blot with anti-PTGFRN antibody in 1. A431 

(40μg), 2. DAOY (40μg), 3. MSTO-211H (40μg), 4. JEG-3 (40μg), 5. TOV-21G (40μg), 

and 6. MDA-231 (40μg) cell lysates. (B) Several cancer cells were screened for 33B7 cell 

surface binding by flow assay. A431, DAOY showed 33B7 binding compared to a mouse 

IgG control while TOV-21G and MDA-MB-231 showed no 33B7 binding. (C) Effect of 

33B7-ADC on various cancer cell lines. Treatment with 33B7-Saporin conjugate (10nM) 

over 3 days shows decrease in proliferation compared Mouse IgG-Saporin conjugate 

(10nM). Cancer cells with undetectable PTGFRN expression levels (TOV-21G, MDA-

231) showed no growth inhibitory response. Statistical analysis was shown via a Welch’s 

t-test between control (Mouse IgG-Saporin) and 33B7-Saporin (**, P < 0.01; ***, P < 

0.001; ****, P < 0.0001). 
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3.3.7 In Vivo Growth Inhibitory Effect of Saporin-Conjugated 33B7 

Since the AGSCC3 and A431 cell lines showed the highest level of PTGFRN 

expression, as well as the highest response to 33B7-ADC, these cell lines were selected to 

examine the effect of 33B7-ADC on in vivo tumor growth in mouse xenograft model 

when compared to isotype control ADC. 

As shown in Figure 3.7, the treatment of athymic nude mice bearing A431 tumors 

with weekly intravenous (i.v.) administration of 33B7-saporin ADC (10μg/mouse) 

resulted in a reduction of tumor growth by at least 50% when compared to mice treated 

with vehicle control or with isotype control 21F2-ADC. 80% Tumor inhibitory effect of 

33B7-ADC was also observed with ASGCC3 cells when compared to IgG-saporin 

antibody control. 

 

Figure 3.7 Effect of 33B7-saporin on tumor growth of A431 cells and ASGCC3 cells 

in athymic nude mice. In vivo effect of treatment with 33B7-Saporin in athymic nude 

mice xenografts with (A) A431 cells, and (B) AGSCC-3 cells. Isotype control (Blue 

Square; 10μg/mouse of saporin-conjugated isotype control) or 33B7-Saporin (Red 

Triangle;10μg/mouse) were administered once weekly via tail vein injection. PBS (Black 

Circle) volume equivalent was used as vehicle control. Tumor sizes were measured 

biweekly with calipers. Statistical analysis showed significance (at least *, P < 0.05) 

between the Isotype/Vehicle control and 33B7-Saporin for each time point after start of 

treatment. 



 

97 

 

While the 33B7 antibody directly conjugated to saporin demonstrated an anti-

tumor growth effect, we wondered if a more potent ADC could be developed towards 

PTGFRN. 33B7 was identified as an IgG2b antibody, and found to have moderate 

binding affinity (KD= 10-9M; Data not shown). We hypothesized that by switching to an 

IgG1 antibody with higher binding affinity, we could potentially improve the potency of 

our ADC. Additionally, while saporin was a good payload to test if PTGFRN could be a 

valid target for ADC development, it has not been used as a payload with any FDA-

approved ADCs. Because of this, we decided to switch our payload to Duocarmycin, a 

compound that is being investigated with ADCs currently in clinical trials. Duocarmycin 

is a highly toxic compound with an IC50 in the nano- and picomolar range, capable of 

binding to the minor groove of DNA, leading to DNA-damage accumulation, and 

subsequent apoptosis. Due to this mechanism, it can act on dividing cells, as well as non-

dividing cells. Finally, duocarmycin also shows superb activity in cancer cells that are 

hypoxic, chemoresistant, and stem-cell like (254–257). By generating an antibody with 

better physical characteristics, and switching to a more potent duocarmycin payload, we 

then determined if we could produce an overall more potent ADC. 

3.3.8 8C7 is a Fully-Human Antibody That is Capable of Binding Cell-Surface 

PTGFRN, and Internalizing the Transmembrane Protein to the Cell Interior 

 

Following the initial success of our murine antibody 33B7, we developed a fully 

human anti-PTGFRN antibody capable of internalizing the target as described in the 

method section. The advantage of directly developing fully human antibodies allows us 

to skip the humanization process that would need to occur for antibodies of mouse origin. 

By immunizing transgenic humanized TC mice (258) against the extracellular domain of 

PTGFRN, a library of single clone hybridomas was generated and screened to produce 
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fully human antibodies which bind to cell-surface PTGFRN, are internalizing, and have a 

high affinity. After screening these antibodies and comparing various criteria, the 

hybridoma designated 8C7 was identified to have a high antibody production level, was a 

singular clone, and was found to produce an IgG1, the ideal isotype for ADC 

development (259). Notably, the binding affinity (Kd) of 8C7 to PTGFRN was found to 

be <10-12M, 1000X stronger than that of 33B7 (Data not shown).  

Figure 3.8 depicts that 8C7 is capable of binding to the cell surface of A431, 

DAOY, and MSTO-211H cells. To further confirm that binding is occurring specifically 

to PTGFRN, flow analysis was also carried out on the shRNA clones of A431 and 

DAOY, as well as the PTGFRN-overexpressing MSTO-211H clone previously described 

in Chapter 2. Cell-surface binding of the 8C7 antibody was significantly reduced in the 

shRNA knockdown cells, and significantly increased after PTGFRN transfection and 

overexpression in the MSTO-211H clone (Figure 3.8). Finally, flow analysis of 8C7 

binding to MDA-231 cells, which are negative for PTGFRN, show no difference in 

binding profile between negative control antibody, and 8C7 at both concentrations.  
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Figure 3.8 Fully human 8C7 antibody binding is specific to PTGFRN. 8C7 Flow 

Cytometry Binding results on (A) Control shRNA A431, (B) PTGFRN shRNA A431 

Clones, (C) Control shRNA DAOY, (D) PTGFRN shRNA DAOY Clones, (E) Control 

MSTO-211H, (F) PTGFRN-Overexpressing MSTO-211H Clone, and (G) MDA-231 

 

Immunofluorescence analysis was also conducted to confirm endocytosis of 

PTGFRN following 8C7 binding. As seen in Figure 3.9, the majority of 8C7 fluorescence 

was localized to the cell membrane and cell-cell junctions at time=0. After 3 hours of 

incubation at 37oC, the 8C7 immunofluorescence was observed intracellularly with some 

of the signal still residing on the cell membranes. After 5 hours incubation, 8C7 

fluorescence was seen primarily inside the cell, with little to no signal seen on the cell 

surface, confirming that PTGFRN was internalized following 8C7 antibody binding.  

 

 



 

100 

 

Figure 3.9 Internalization of PTGFRN by 8C7. Binding of 8C7 antibody to PTGFRN 

induces endocytosis of the receptor. Incubation with 8C7 (Green) at 37oC for (A) Time 0, 

(B) 3 hours, and (C) 5 hours. Hoechst 33342used to counterstain nuclei (Blue). 

 

Following this result, the toxic payload Duocarmycin was conjugated to the 8C7 

antibody to verify internalization and delivery of payload to the cells.  

3.3.9 8C7 Conjugation with Mc-Vc-Duocarmycin Results in a Potent, Fully Human 

Antibody-Drug Conjugate (ADC) in In Vitro and In Vivo Models 
 

 Duocarmycin is an anti-cancer agent that exerts its effect by binding to the minor 

groove of the DNA double-helix and alkylating the nucleotide adenine (254). This 

binding and alkylation trigger tumor cell death. Conjugation of duocarmycin to 8C7 and 

control antibody was performed as described in the method section. Briefly, 8C7 was 

partially reduced with TCEP, then re-alkylated using a pre-synthesized cleavable linker-

duocarmycin moiety commercially available from MedChem Express. After conjugation, 

and reaction quenching, the fully conjugated IgG species was separated and purified 

using Hydrophobic Interaction Chromatography (HIC). After fraction collection, ADC 

was buffer exchanged into PBS, and sterilized via 0.22µm filtration. 

After conjugating Duocarmycin to the 8C7 antibody, the resulting ADC was 

tested first in vitro for its ability to inhibit the proliferation of PTGFRN-expressing cell 
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lines epidermoid carcinoma (A431), biphasic mesothelioma (MSTO-211H), and 

medulloblastoma (DAOY). In addition to these PTGFRN-positive cancers, we also tested 

the ADC with the triple-negative breast cancer cell line MDA-MB-231, previously found 

to be negative for PTGFRN (260). As shown in Figure 3.10, treatment with the 8C7-

ADC showed a dose-dependent inhibition of cell proliferation in all cell lines expressing 

PTGFRN. Specifically, at the highest ADC dose tested (10nM), A431 proliferation was 

reduced by 95%, DAOY proliferation was reduced by 80%, and MSTO-211H 

proliferation was reduced by approximately 40%. The degree of inhibition followed the 

level of expression of PTGFRN in these three cell lines. The low PTGFRN-expressing 

MSTO-211H cells still demonstrated a reduced yet significant inhibition of proliferation, 

even though PTGFRN expression was lower than that of A431 and DAOY. However, the 

PTGFRN-negative cancer line, MDA-MB-231, showed no growth inhibition when 

treated with 8C7-ADC, even at the highest concentration tested, showing the specificity 

of the 8C7 ADC for PTGFRN. 
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Figure 3.10 In Vitro Activity of 8C7-Duocarmycin ADC. Incubation of 8C7-

Duocarmycin with PTGFRN-positive cancer cell lines results in potent anti-cancer effect. 

No effect is seen in a cancer cell line that is PTGFRN-negative (MDA-231). 

 

We next examined the effect of 8C7-ADC on tumor growth using an in vivo 

xenograft models. The same cell lines used in the in vitro assays were subcutaneously 

injected into athymic nude mice as described in the method section. For each cell line, 

once the mice developed tumors, they were randomized into control and treatment groups 

as described in the method section. When compared to the Control ADC, we observed a 

dose-dependent and significant reduction in tumor growth rate, as well as tumor volume 

for the three PTGFRN expressing cell lines treated with the 8C7 ADC. Treatment with 

the highest dose of ADC resulted in tumor growth reduction by 90% in A431, 80% in 

DAOY, and 62% in MSTO-211H (Figure 3.11). No visible off-target toxicity was 

observed in any mice as shown by the fact that there was no change in body and organ 

weights. Even the mesothelioma cell line, which displays lower PTGFRN expression, 

still displayed tumor growth inhibition when treated with the 8C7-ADC, whereas the 

PTGFRN-negative cell line, MDA-MB-231, showed no response to the 8C7 ADC, and 
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no difference in tumor growth was observed between IgG negative control ADC and the 

8C7 ADC groups (Figure 3.12). 

Figure 3.11 In Vivo Treatment of PTGFRN-Positive Tumors in Nude Mice. 

Treatment of nude mice bearing PTGFRN-positive (A) A431, (B) DAOY, and (C) 

MSTO-211H tumors with our 8C7-Duocarmycin antibody shows significant reduction in 

tumor growth compared to Isotype Control ADC, with no obvious signs of toxicity at 

time of necropsy. 
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Figure 3.12 In Vivo Treatment of PTGFRN-Negative Tumors in Nude Mice. 

Treatment of nude mice bearing PTGFRN-negative MDA-231 tumors with our 8C7-

Duocarmycin antibody shows no difference in tumor growth compared to Isotype Control 

ADC, with no obvious signs of toxicity, indicating high specificity of our 8C7 antibody.  

 

3.4 Discussion 

Using the selected mouse monoclonal antibody 33B7 to carry out 

immunoprecipitation, followed by mass spectrometry analysis, our laboratory has 

identified Prostaglandin F2 Receptor Negative Regulator (PTGFRN) as an internalizable 

cell-surface target expressed on several cancer cells. The identification of PTGFRN 

carried out with spindle cell carcinoma cells was confirmed in human head and neck 

cancer A431 and medulloblastoma DAOY cells by immunoprecipitation with the 33B7 

antibody followed by mass spectrometry analysis.  

The validation of PTGFRN as the target for 33B7 antibody was performed by 

showing that HEK-293A cells, which cannot bind the 33B7 antibody, and do not express 

PTGFRN, were able to bind 33B7 when the cells were transfected with human PTGFRN 

cDNA, as shown by flow binding assay and by immunofluorescence staining. 33B7 was 

also able to internalize PTGFRN as shown by immunofluorescence, as well as inhibit cell 

proliferation of PTGFRN-expressing cell lines by toxic payload delivery, either directly 
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via a 33B7-ADC, or indirectly via an anti-mouse secondary antibody saporin conjugate. 

We have demonstrated a statistically significant and dose-dependent efficacy of the 33B7 

ADC in inhibiting the proliferation of several cancer cell lines that express PTGFRN, 

when compared to control ADC antibody. Using A431 cells and AGSCC-3 cells as 

mouse xenografts models, we show that 33B7-ADC inhibited tumor growth when 

compared to control-ADC antibody.  

Using this preliminary data, we were able to generate a second-generation, fully 

human monoclonal antibody with improved binding characteristics. This antibody was 

also able to bind specifically to PTGFRN, internalize the receptor, and deliver a toxic 

payload that would kill PTGFRN-positive cancer cells, and not PTGFRN-negative cells. 

This improved antibody served as the basis for a new ADC. This time, when conjugated 

to the DNA-alkylating compound duocarmycin, this human ADC displayed significantly 

improved anti-cancer effect, in both in vitro and in vivo assays. The efficacy of this ADC 

in mesothelioma and pediatric medulloblastoma is of particular interest, because, as 

covered extensively in chapter 1, these two cancers display unmet needs in tailored 

therapy, and affect a vulnerable population of patients who would highly benefit from the 

approval of an ADC therapy. Our work here validates PTGFRN as a potential ADC 

target, and our human antibody 8C7 is a great starting point for further ADC 

optimization. 

Previous studies in optimizing payload delivery to cellular interiors by ADCs 

have identified multiple factors that determine the efficacy of ADC internalization. 

Receptor recycling of the target protein can re-release an ADC back to the cell exterior, 

and the presence of the neonatal Fc receptor (FcRn) can also shuttle the ADC back to the 
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cell surface, both of which lower the payload concentration inside the cell. Importantly, 

rate of internalization can differ between antibodies based on their biochemical 

properties, so analysis of the binding affinity and rate of internalization should be 

considered when developing or selecting prospective antibodies. As covered earlier, once 

an ADC actually gets inside the cell, and begins to be trafficked to the lysosome, the 

chemistry of a given linker may also affect how well the payload dissociates from the 

antibody, and how much can accumulate inside the cell (261). Cleavable linkers typically 

result in slightly higher amounts of free payload inside the cell, and these linkers can be 

designed to cleave at various acidic pH levels. Doing so can allow one to control at which 

point a payload is cleaved after internalization, whether this will occur in the early 

endosome, late endosome, or in the lysosome itself (262). All these factors should be 

considered when trying to develop an ADC, and will be taken into consideration in 

further optimization of our anti-PTGFRN antibodies. 
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Chapter 4 

Conclusions and Future Discussions  

PTGFRN is a cell-surface transmembrane protein that is upregulated in certain 

solid tumor cancers, such as the rare and hard-to-treat medulloblastoma and 

mesothelioma, but is undetectable in many healthy tissues. This upregulation can be used 

to specifically target these cancers through the use of an Antibody-Drug Conjugate, 

which can deliver cytotoxic payloads directly to the cancer, without affecting healthy, 

non-cancerous tissue. Our identification of PTGFRN as a validated ADC target is the first 

step in developing specific therapy for several solid tumor cancers (melanoma, kidney 

carcinomas, etc.), including Pediatric Medulloblastoma and Mesothelioma, two cancers 

that are classified as rare and aggressive, with no tailored therapy currently on the market. 

Our research highlights that by conjugating our fully human anti-PTGFRN antibody 8C7 

to the payload Duocarmycin using a cleavable valine-citrulline linker, superior anti-

cancer response in reducing tumor growth rate, as well as tumor volume, was 

accomplished, with no appreciable signs of off-target toxicity.  

Our research here also reinforces a potential correlation between PTGFRN and 

cancer metastasis. PTGFRN expression has been linked to poor prognosis and lower 

survival rates in patients with glioblastoma (149,263). PTGFRN has also been reported to 

be upregulated in many different types of cancer, increasingly so in metastatic cancer 

cells, compared to their non-metastatic counterparts (146,148,217). The performed 

immunohistochemistry described here indicates that PTGFRN expression is undetectable 

in various healthy tissues such as cardiac, lung, kidney, brain, breast, and colon tissue, 

whereas PTGFRN expression is significantly elevated in melanoma, squamous cell 
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carcinoma, papillary renal cell carcinoma, clear cell carcinoma, pancreatic ductal 

adenocarcinoma, and mesothelioma tissues.  

We also found that PTGFRN expression is drastically increased in mesothelioma 

malignant lesions when compared to benign lesions, depicting PTGFRN as a potential 

novel biomarker. This upregulation may provide an opportunity for exploitation in 

treating cancers that have transformed from benign to malignant. Tumor metastasis is a 

prognostic factor for aggressive features, and a marked increase in drug resistance. Thus, 

an ADC that targets increased expression of any biomarker during this stage would be an 

invaluable tool to develop novel therapeutic approaches to treat patients suffering from 

these advanced cancers (264).  

While our ADC in its current form shows remarkably improved therapeutic 

efficacy compared to its first-generation counterpart, there is still plenty of room for 

improvement. The duocarmycin payload analogue (Duocarmycin SA) we use in this 

design is biologically active in its standard form. Seco-DUBA is a newer analogue that is 

in prodrug form, which only becomes active when it is cleaved from the antibody, and 

undergoes spontaneous spirocyclization (265). This step further reduces off-target 

toxicity due to the bystander effect. Switching to this analogue of duocarmycin would 

also require us to switch to a Val-Cit-PABC linker moiety, which includes a polyethylene 

glycol (PEG) element to improve solubility, as well as a self-immolative component for 

the aforementioned prodrug conversion (266). Our monoclonal antibody, 8C7, could also 

be further modified via cysteine engineering. As previously discussed, this process 

consists of genetically mutating additional cysteines into the genetic sequence of the 

antibody. Reduction and conjugation to these non-natural cysteines both preserves the 
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internal disulfide bonds of the antibody heavy and light chains, as well as allows for more 

control over the homogeneity of our resultant ADC. These changes would likely have a 

cumulative effect of improved pharmacokinetic/pharmacodynamic properties, and 

therapeutic efficacy, although a baseline for these properties with our current design still 

needs to be established (267,268). Regardless, our ADC strategy and the results reported 

here provide a novel therapeutic opportunity to treat aggressive cancers, such as pediatric 

medulloblastoma and mesothelioma, an area of unmet need.  

While our ADC relies on the overexpression of PTGFRN for its effect, it is 

possible for cancers to overcome drug treatment by downregulating the expression of the 

drug target, as in the case of EGFR downregulation in non-small cell lung cancer (269). 

In this example, treatment of non-small cell lung cancer with tyrosine kinase inhibitors 

led to acquired drug resistance, as the cancer eventually began to downregulate the 

expression of EGFR, significantly reducing the effectiveness of the RTK inhibitors. 

While further research will need to be carried out to see if PTGFRN downregulation 

could be one method cancers utilize to resist ADC therapy, in this case, the 

downregulation of PTGFRN could, in theory, result in an increase in autophagy, as seen 

in our in vitro culture and confirmed by mass spectrometry. If this is the case, inhibition 

of said autophagy could be an avenue for combination targeting of cancer, even after 

initial drug resistance (270). 

In chapter 2, we investigated the effect of PTGFRN expression on a cancer cell’s 

phenotype. By doing so, we observed that its overexpression correlated with properties 

also reported in metastatic cells, further validating PTGFRN’s relationship to metastasis. 

This also supports our argument that an ADC targeting PTGFRN would be valuable, as 
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metastatic cancers are among the hardest to treat, and have limited effective 

chemotherapies. The expression of the cell-surface tetraspanin PTGFRN has a significant 

effect on all three cancer cell phenotypes, demonstrating a positive correlation with a 

cells ability to proliferate in reduced serum conditions, migrate, grow in colonies, and 

form 3D spheroids, specifically in the case of epidermoid carcinoma (A431) and pediatric 

medulloblastoma (DAOY). The loss of PTGFRN expression also coincides with an 

increase in the occurrence of autophagy, a mechanism of controlled cell death. In 

mesothelioma specifically, immunohistological staining of patient-derived tissue samples 

demonstrate that progression of mesothelioma from benign to malignant results in a 

significant increase in PTGFRN expression, reinforcing the trends we observed in our in 

vitro functional assays.  

Also reinforcing our functional assay results was the mass spectrometry pathway 

analysis. By using a global approach in comparing control A431 with their PTGFRN 

shRNA knockdown counterparts, we found that the biggest impact from PTGFRN 

knockdown was the downregulation of proteins involved in metabolite precursor 

synthesis, the electron transport chain, and anterograde transport from the Endoplasmic 

Reticulum (ER) to the Golgi Apparatus. Also downregulated after PTGFRN knockdown 

were pathways involving VEGFA-VEGFR2 signaling, mRNA metabolic processing, 

chromosome maintenance, and NADH oxidation. Obviously, a cell with deficiencies in 

getting proteins to their correct subcellular location, the production of metabolic 

substrates, and cellular respiration would likely not be able to proliferate, especially in 

low-serum conditions. These impacted pathways would also explain the knockdown 

cell’s inability to form and grow in single-cell colonies, or in spheroid conditions. And 
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while cell migration was not specifically a pathway flagged in the analysis, we have 

indicated that numerous downregulated proteins have been previously found to regulate 

cell migration, such as NUDT1, DKC1, and RBBP7 among others. Regardless, the mass 

spectrometry analysis carried out seemingly corroborates everything we observed in our 

functional assays. 

When analyzing the pathways that saw an upregulation of protein members after 

PTGFRN knockdown, the most significantly increased pathways are that of cytokine 

signaling in the immune system, the innate immune response, and neutrophil 

degranulation. This observation perhaps provides the largest potential for future 

investigation, as it indicates the role of PTGFRN as a negative regulator of this process in 

natural conditions, although it would have to be determined experimentally if this 

negative regulation of the immune response is due to binding and inactivation of specific 

proteins by PTGFRN, or perhaps by PTGFRN regulating upstream transcription factors. 

Regardless, PTGFRN’’s specific role in the immune system could help us better 

understand the various roles this tetraspanin plays.   

The discovery that PTGFRN silencing in A431 results in an increase in autophagy 

certainly merits more investigation as well. As highlighted earlier, this process can be 

either pro-cancer or pro-death, and future work probing the various signaling molecules 

recruited with the process would help determine which of the two outcomes is occurring. 

This would be an additional valuable tool to further combat cancer, as if this autophagy is 

pro-cancer, targeted inhibition of this autophagy can provide an additional treatment. Our 

observation that PTGFRN knockdown resulted in an increase in cellular autophagy was 

one that is at least indirectly confirmed in the mass spectrometric analysis. Several 
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proteins involved in the positive regulation of autophagy were found to be increased after 

PTGFRN knockdown, and the process of apoptotic cleavage of cellular proteins was 

decreased after PTGFRN knockdown. Since one main purpose of autophagy is to stave 

off apoptosis in conditions of stress, it would seem as if the autophagy observed in A431 

after PTGFRN knockdown is achieving its goal.  

 The global mass spectrometric analysis of proteins that co-immunoprecipitated 

with PTGFRN using the anti-PTGFRN antibody 8C7 also sheds new light on the proteins 

that directly associate, or complex with, PTGFRN, and the pathways in which these 

proteins are involved. Overwhelmingly, PTGFRN was found to be associated with 

proteins that regulate RNA metabolism and translation, including subunits of the 

ribosome itself, RNA polymerase, and pre-mRNA-processing proteins. The second-most 

represented pathway is that of VEGFA-VEGFR2 signaling. The reported upregulation of 

PTGFRN in cancers that become malignant and/or metastatic makes perfect sense with 

this information. In this advanced stage of cancer progression, cancer cells have to 

heavily modify the expression of numerous proteins to evade immune detection, increase 

proliferation signaling, and secrete various proteases which allow them to alter and 

navigate through the ECM during migration from the primary tumor (271–273). In order 

to fulfill the needs of the rapidly proliferating and/or migrating cells, there is a 

requirement for increase in the transcription, processing, and translation of RNA into 

proteins. Therefore, PTGFRN would also need to be upregulated to help support this 

increase in cellular transcription and translation. 

 One concerning point of this co-IP mass spectrometric analysis is the fact that E-

Cadherin was not found to be significantly enriched in our PTGFRN IP samples 
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compared to the negative IgG control IP samples. This is not in agreement with what was 

observed in our co-IP and immunoblot, where E-Cadherin appears to be found to be co-

immunoprecipitated with PTGFRN. The specificty of the antibody for E-cadherin used in 

the co-IP experiments was verified by showing that the E-Cadherin immunoblot band 

intensity was decreased when E-Cadherin expression was inhibited by siRNA indicating 

that the co-IP western blot findings are valid. Resolving this apparent contradiction will 

require further investigation as stated previously. One possibility would be that the 

threshold of adjusted statistical significance may have been too high for the purposes of 

our analysis. We may be able to adjust our IP wash conditions in order to minimize non-

specific binding to non-immune IgG negative control, or inversely, develop gentle 

conditions which would better maintain protein interaction within the anti-PTGFRN IP so 

that more E-Cadherin could then be detected by mass spectrometric analysis. 

Taken together, we hypothesize that PTGFRN does impact a cell’s overall 

phenotype, and results in a metastatic-like profile. The data presented here points to 

PTGFRN’s potential importance in the later steps of metastasis, when a cell has detached 

from a primary tumor, and needs to migrate through stromal cells, colonize a secondary 

organ site, and proliferate into a secondary multicellular tumor. The increase in PTGFRN 

reported in some metastatic cancers falls in line with the increase in cellular metabolism 

that these advanced-staged cancers require. The upregulation of oncogenes and 

downregulation of onco-suppressors is achieved through the regulation of gene 

transcription and translation. The discovery that PTGFRN directly associates with 

proteins involved in this RNA regulation further supports the idea that PTGFRN is a key 

player that helps maintain the elevated metabolism and protein production required by 
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cancer cells. Therefore, loss of PTGFRN expression acts as a cellular stressor, hampering 

the cell’s metabolism and precluding normal protein translation and intracellular 

shuttling. In response to this stress, the cell initiates autophagy in an attempt to prevent 

apopotosis. This dissertation aims to further characterize PTGFRN’s potential role in 

cancer metastasis, and that it is a valid target for ADC development, which could be used 

to treat mesothelioma and pediatric medulloblastoma, two rare and aggressive cancers 

which have no tailored therapy available at this time. 
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Appendix 1: Supplementary Figures 

 

Figure 1A.1. Migration of A431 Cells After siRNA Transfection. A431 cells 

transfected with either (A) scrambled siRNA or (B) PTGFRN siRNA shows that 

knockdown of PTGFRN by siRNA results in a significant decrease of migrated cells 

 

 

Figure 1A.2. A431 Spheroid Growth After siRNA Transfection. A431 cells 

transfected with either (A) scrambled siRNA or (B) PTGFRN siRNA shows that 

knockdown of PTGFRN by siRNA results in a significant decrease of 3D spheroids 

formed. 
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Figure 1A.3. Immunoblot of 2D A431 Protein Expression. Stable knockdown of 

PTGFRN had no significant effect on the expression of E-Cadherin or Integrin β1in A431 

cells grown in 2D culture. 

 

 

Figure 1A.4. Immunofluorescence on Stable A431 shRNA Cells. Knockdown of 

PTGFRN in A431 by shRNA had no effect on the localization of E-Cadherin and Integrin 

β1. 
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Appendix 2. Additional Tables 

Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431. Statistical significance determined at p <0.05. 

Pathway 

Description 

adj. 

p-value Genes Upregulated after PTGFRN Knockdown 

Cytokine 

Signaling in 

Immune system 

2.87E-07 

 

BST2,CASP3,EIF4A2,ICAM1,IFI35,IFIT3,IL1A,L

CN2,MX1,SERPINB2,PML,PSMA1,PSMB5,PSM

B7,SDC1,SOD2,STAT, 

IKBKG,AIP,N4BP1,RIGI 

innate immune 

response 

1.78E-05 

 

ATP1B1,BST2,GAPDH,IFI35,IFIT3,LCN2,MX1,P

RDX1,PML,S100A9,STAT1,IKBKG,BCL10,N4B

P1,TUBB4B,RIGI, 

PPP1R14B,NLRP2,TUBB,EVPL,LDLR,PSMA1 

Neutrophil 

degranulation 

2.02E-04 

 

ALDOA,BST2,EEF2,FTL,LCN2,PA2G4,PGAM1, 

PIGR,PSMB7,S100A9,HUWE1, 

TUBB4B,CCT8,TUBB 

Signaling by 

Rho GTPases 

 

4.98E-04 

 

 

ARHGAP1,CCT6A,MYH9,MYL6,S100A9,TPM3,

TPM4,ARHGEF5,PICALM,KIF14,WASF2,TUBB

4B,SH3BP1,ANLN,NDE1,MRTFA,ALDOA,HCL

S1,MARCKS,PDCD6IP, 

PALLD,SERPINH1,KRT17,HOOK1 

G1/S Transition 

 

 

 

4.98E-04 

 

 

 

CCNB1,MCM3,MCM6,PRIM1,PSMA1,PSMB5,P

SMB7,RBL1,ARAF,CASP3,GAPDH,IL1A,TUBB

4B,ADRM1,TUBB,LDLR,PML,PPT1,SGTA,UBE

2L3,UCHL3,KIF14,PDCD6IP,UBXN1,CHMP5,R

NF123,SOD2,DCTN2,DCTN4,IKBKG,ICAM1,S1

00A9,THOP1,BCL10,HUWE1,N4BP1,RIGI,STAT

1,PRDX1,SCO2,NDE1,LIG4,ANP32A,ATP6V1C1

,EGFR,PEA15 

Motor proteins 

 

 

6.35E-04 

 

 

MYH9,MYL6,TPM3,TPM4,KIF14,TUBB4B,DCT

N2,DCTN4,TUBB,CCNB1,ENSA,MCM3,MCM6,

PRIM1,PSMA1,PSMB5,PSMB7,RBL1,NDE1,CA

SP3,GAPDH,HCLS1,IKBKG,WASF2,SOD2,CCT

8,TFB2M,ANXA3,ICAM1,IFI35,LIG4,PRDX1,BC

L10,HOOK1,RSPH9,UBE2L3,ATP6V1C1,STX7,E

GFR 

Interferon 

Signaling 

 

 

6.44E-04 

 

 

BST2,EIF4A2,ICAM1,IFI35,IFIT3,MX1,PML,ST

AT1,RIGI,ATP1B1,EGFR,LIG4,PSMA1,PSMB5,P

SMB7,SDC1,IKBKG,PDCD6IP,TUBB4B,CHMP5

,TUBB,ARAF,CASP3,LDLR,CCNB1,IL1A,ADR

M1,N4BP1,GAPDH,ZNF573 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

mitotic cell cycle 8.65E-04 

CCNB1,ENSA,MCM3,MCM6,PML,KIF14,PDCD

6IP,TUBB4B,DCTN2,CHMP5,ANLN,NDE1,PSM

G2,TUBB,LIG4,MYH9,NASP,SMC6,PICALM,IK

BKG,STX7 

Cori cycle 1.06E-03 

ALDOA,GAPDH,PFKP,PGAM1,FH,IDH3A,GNP

DA1,EGFR,SCO2,SDC1,CASP3,IL1A,LIG4 

regulation of 

proteolysis 3.15E-03 

ARAF,SERPINH1,GAPDH,MYH9,SERPINB2,P

ML,S100A9,SGTA,PICALM,BCL10,N4BP1,BCL

2L13,UBXN1,NLRP2,ICAM1,IL1A,PEA15,EGFR

,ARHGEF5,SH3BP1,SOD2 

cellular 

homeostasis 6.27E-03 

ALDOA,ATP1B1,ATP6V1C1,FTL,IL1A,PRDX1,

PML,PPT1,RBM4,S100A9,SOD2,PICALM,SCO2 

regulation of 

amide metabolic 

process 

8.86E-03 

 

CASP3,EEF2,EIF4A2,GAPDH,KRT17,PA2G4,PG

AM1,RBM4,PICALM,CNOT11,NIBAN1,MTPN 

response to 

reactive oxygen 

species 

8.89E-03 

 

CASP3,EGFR,IL1A,PRDX1,SDC1,SOD2,STAT1,

EEF1D,LIG4,PML,PSMB5,RBM4,N4BP1,CCNB1

,ATIC,S100A9,BCL10,CHMP5,KRT17,SH3BP1,

MRTFA,ATP1B1 

Endocytosis 

 

8.98E-03 

 

EGFR,LDLR,PML,SNX2,PDCD6IP,EHD4,CHMP

5,EPS15L1, 

FTL,MYH9,PICALM,TUBB4B,DCTN2,DCTN4,A

NXA3,PPT1,SDC1,WASF2,SH3BP1,ARHGAP1,E

HHADH,CASP3 

proteasome 

assembly 

 

9.01E-03 

 

PSMG1,ADRM1,PSMG2 

 

wound healing 9.23E-03 

CASP3,CLIC1,EVPL,IL1A,MYH9,SERPINB2,SD

C1, 

CHMP5,MRTFA,SOD2,MBNL1,MYL6,MTPN 

Diseases of 

signal 

transduction by 

growth factor 

receptors and 

second 

messengers 

1.10E-02 

 

 

 

ARAF,ATIC,EGFR,MYH9,PSMA1,PSMB5,PSM

B7, 

STAT1,TPM3,TPM4,MYL6,ALDOA,ATP1B1,SC

O2 

 

 

cytokinetic 

process 

1.22E-02 

 

MYH9,PDCD6IP,CHMP5,ANLN,ATP1B1,EGFR,

PPT1,SGTA, 

PICALM,STX7,SH3BP1,ATP6V1C1,HOOK1 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

positive 

regulation of 

DNA-binding 

transcription 

factor activity 

1.22E-02 

 

 

ANXA3,HCLS1,S100A9,ARHGEF5,IKBKG,BCL

10, 

RIGI,MTPN,BST2,EEF1D,GAPDH,IL1A,STAT1, 

NLRP2,ICAM1,EGFR,WASF2,EVPL,STX7 

 

regulation of 

fibroblast 

proliferation 

1.42E-02 

 

CCNB1,EGFR,LIG4,PML,SOD2,IL1A,RBL1,KIF

14,PDCD6IP,CHMP5,ANLN,PSMG2,SMC6,CNO

T11,ARAF,CASP3,PEA15,PRDX1,SCO2 

Cytokine 

Signaling in 

Immune system 

2.87E-07 

 

BST2,CASP3,EIF4A2,ICAM1,IFI35,IFIT3,IL1A,L

CN2,MX1, 

SERPINB2,PML,PSMA1,PSMB5,PSMB7,SDC1, 

SOD2,STAT1,IKBKG,AIP,N4BP1,RIGI 

Signaling by 

Interleukins 2.02E-04 

CASP3,ICAM1,IL1A,LCN2,SERPINB2,PSMA1,P

SMB5,PSMB7,SDC1,SOD2,STAT1,IKBKG,AIP,

N4BP1 

innate immune 

response 

1.78E-05 

 

ATP1B1,BST2,GAPDH,IFI35,IFIT3,LCN2,MX1,P

RDX1,PML, 

S100A9,STAT1,IKBKG,BCL10,N4BP1,TUBB4B, 

RIGI,PPP1R14B,NLRP2,TUBB 

regulation of 

defense response 1.84E-01 

EVPL,IFI35,LDLR,PSMA1,S100A9, 

STAT1,BCL10,N4BP1,RIGI,NLRP2 

Neutrophil 

degranulation 2.02E-04 

ALDOA,BST2,EEF2,FTL,LCN2,PA2G4,PGAM1, 

PIGR,PSMB7,S100A9,HUWE1,TUBB4B,CCT8,T

UBB 

Signaling by 

Rho GTPases 

 

4.98E-04 

 

 

ARHGAP1,CCT6A,MYH9,MYL6,S100A9, 

TPM3,TPM4, 

ARHGEF5,PICALM,KIF14, 

WASF2,TUBB4B,SH3BP1,ANLN,NDE1,MRTFA 

 

Signaling by 

Rho GTPases, 

Miro GTPases 

and RHOBTB3 

 

  4.98E-04 

 

 

ARHGAP1,CCT6A,MYH9,MYL6,S100A9,TPM3,

TPM4, 

ARHGEF5,PICALM,KIF14,WASF2,TUBB4B,SH

3BP1,ANLN,NDE1,MRTFA 

actin filament-

based process 7.98E-04 

ALDOA,HCLS1,MARCKS,MYH9,MYL6,TPM3,

TPM4,ARHGEF5,PDCD6IP,WASF2,PALLD,SH3

BP1,ANLN,MRTFA 

actin 

cytoskeleton 

organization 1.06E-03 

ALDOA,HCLS1,MARCKS,MYH9,TPM3,TPM4,

ARHGEF5,PDCD6IP,WASF2,PALLD,SH3BP1,A

NLN,MRTFA 

RHO GTPase 

cycle 1.29E-02 

ARHGAP1,CCT6A,TPM3,TPM4,ARHGEF5,PIC

ALM,KIF14,WASF2,SH3BP1,ANLN 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

supramolecular 

fiber 

organization 3.84E-02 

ALDOA,SERPINH1,HCLS1,KRT17,MARCKS,TP

M3,TPM4,SH3BP1,HOOK1,NDE1 

actin filament 

organization 1.01E-01 ALDOA,HCLS1,MARCKS,TPM3,TPM4,SH3BP1 

G1/S Transition 4.98E-04 

CCNB1,MCM3,MCM6,PRIM1,PSMA1,PSMB5,P

SMB7,RBL1 

Alzheimer's 

disease 6.44E-04 

ARAF,CASP3,GAPDH,IL1A,PSMA1,PSMB5,PS

MB7,TUBB4B,ADRM1,TUBB 

protein catabolic 

process 6.44E-04 

CASP3,LDLR,PML,PPT1,PSMA1,PSMB5,PSMB

7,SGTA,UBE2L3,UCHL3,KIF14,PDCD6IP,ADR

M1,UBXN1,CHMP5,RNF123 

Mitotic G1 

phase and G1/S 

transition 

6.44E-04 

 

CCNB1,MCM3,MCM6,PRIM1,PSMA1, 

PSMB5,PSMB7,RBL1 

Huntington 

disease 1.33E-03 

CASP3,PSMA1,PSMB5,PSMB7,SOD2,TUBB4B,

DCTN2,ADRM1,DCTN4,TUBB 

Alzheimer 

disease 1.33E-03 

ARAF,CASP3,GAPDH,IL1A,PSMA1,PSMB5,PS

MB7,IKBKG,TUBB4B,ADRM1,TUBB 

Pathways of 

neurodegeneratio

n - multiple 

diseases 

1.51E-03 

 

 

ARAF,CASP3,IL1A,PSMA1,PSMB5,PSMB7,UBE

2L3,TUBB4B,DCTN2,ADRM1,DCTN4,TUBB 

 

Alzheimer's 

disease and 

miRNA effects 

2.08E-03 

 

ARAF,CASP3,GAPDH,IL1A,PSMA1,PSMB5,PS

MB7,TUBB4B,ADRM1,TUBB 

proteolysis 

involved in 

protein catabolic 

process 

5.14E-03 

 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,UBE2L3,UC

HL3,KIF14,PDCD6IP,ADRM1,UBXN1,CHMP5,R

NF123 

 

Adaptive 

Immune System 6.27E-03 

ICAM1,PSMA1,PSMB5,PSMB7,S100A9,THOP1,

UBE2L3,IKBKG,BCL10,HUWE1,TUBB4B,DCT

N2,DCTN4,RNF123 

Activation of 

NF-kappaB in B 

cells 8.06E-03 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

Interleukin-1 

signaling 8.06E-03 IL1A,PSMA1,PSMB5,PSMB7,IKBKG,N4BP1 

Orc1 removal 

from chromatin 8.98E-03 MCM3,MCM6,PSMA1,PSMB5,PSMB7 

Synthesis of 

DNA 8.98E-03 MCM3,MCM6,PRIM1,PSMA1,PSMB5,PSMB7 



 

121 

 

Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

The role of 

GTSE1 in G2/M 

progression after 

G2 checkpoint 

1.08E-02 

 

 

 

CCNB1,PSMA1,PSMB5,PSMB7,TUBB4B 

 

Parkinson 

disease 1.13E-02 

CASP3,PSMA1,PSMB5,PSMB7,UBE2L3,TUBB4

B,ADRM1,TUBB 

20S proteasome 1.22E-02 PSMA1,PSMB5,PSMB7 

Prion disease 1.26E-02 

CASP3,IL1A,PSMA1,PSMB5,PSMB7,TUBB4B,A

DRM1,TUBB 

FCERI mediated 

NF-kB 

activation 1.29E-02 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

Downstream 

signaling events 

of B Cell 

Receptor (BCR) 

1.29E-02 

 

 

PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

 

 

PA28gamma-

20S proteasome 1.29E-02 PSMA1,PSMB5,PSMB7 

Amyotrophic 

lateral sclerosis 1.30E-02 

CASP3,PSMA1,PSMB5,PSMB7,TUBB4B,DCTN2

,ADRM1,DCTN4,TUBB 

PA28-20S 

proteasome 1.45E-02 PSMA1,PSMB5,PSMB7 

ER-Phagosome 

pathway 1.51E-02 PSMA1,PSMB5,PSMB7,S100A9,IKBKG 

Proteasome 1.51E-02 PSMA1,PSMB5,PSMB7,ADRM1 

Class I MHC 

mediated antigen 

processing & 

presentation 

1.57E-02 

 

 

PSMA1,PSMB5,PSMB7,S100A9,THOP1,UBE2L3

,IKBKG,HUWE1,RNF123 

 

ubiquitin-

dependent 

protein catabolic 

process 

1.61E-02 

 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,UBE2L3,UC

HL3,KIF14,ADRM1,UBXN1,CHMP5 

 

Switching of 

origins to a post-

replicative state 

1.61E-02 

 

MCM3,MCM6,PSMA1,PSMB5,PSMB7 

 

Deubiquitination 1.63E-02 

PSMA1,PSMB5,PSMB7,UCHL3,IKBKG,ADRM1

,RIGI,RNF123 

Ub-specific 

processing 

proteases 1.64E-02 

PSMA1,PSMB5,PSMB7,IKBKG,ADRM1,RIGI,R

NF123 

Interleukin-1 

family signaling 

1.73E-02 

 

IL1A,PSMA1,PSMB5,PSMB7,IKBKG,N4BP1 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

modification-

dependent 

protein catabolic 

process 

1.76E-02 

 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,UBE2L3,UC

HL3,KIF14,ADRM1,UBXN1,CHMP5 

 

Downstream 

TCR signaling 2.02E-02 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

modification-

dependent 

macromolecule 

catabolic process 

2.02E-02 

 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,UBE2L3,UC

HL3,KIF14,ADRM1,UBXN1,CHMP5 

 

DNA 

Replication Pre-

Initiation 2.02E-02 MCM3,MCM6,PRIM1,PSMA1,PSMB5,PSMB7 

CLEC7A 

(Dectin-1) 

signaling 2.20E-02 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

S Phase 2.20E-02 MCM3,MCM6,PRIM1,PSMA1,PSMB5,PSMB7 

UCH proteinases 2.23E-02 PSMA1,PSMB5,PSMB7,UCHL3,ADRM1 

G2/M 

Checkpoints 2.37E-02 CCNB1,MCM3,MCM6,PSMA1,PSMB5,PSMB7 

Antigen 

processing-Cross 

presentation 2.40E-02 PSMA1,PSMB5,PSMB7,S100A9,IKBKG 

26S proteasome 2.53E-02 PSMA1,PSMB5,PSMB7 

Signaling by the 

B Cell Receptor 

(BCR) 

2.85E-02 

 

PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

 

proteasome-

mediated 

ubiquitin-

dependent 

protein catabolic 

process 

2.86E-02 

 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,KIF14,ADR

M1,UBXN1 

 

 

Proteasome 

degradation 3.14E-02 PSMA1,PSMB5,PSMB7,UCHL3 

DNA 

Replication 3.44E-02 MCM3,MCM6,PRIM1,PSMA1,PSMB5,PSMB7 

TCR signaling 3.52E-02 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

Transcriptional 

regulation by 

RUNX2 

3.60E-02 

 

CCNB1,PSMA1,PSMB5,PSMB7,STAT1 
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proteasomal 

protein catabolic 

process 

4.02E-02 

 

PML,PSMA1,PSMB5,PSMB7,SGTA,KIF14,ADR

M1,UBXN1 

 

Cellular 

response to 

chemical stress 

4.03E-02 

 

PRDX1,PSMA1,PSMB5,PSMB7,SOD2,SCO2 

 

Regulation of 

RUNX2 

expression and 

activity 

4.51E-02 

 

PSMA1,PSMB5,PSMB7,STAT1 

 

Fc epsilon 

receptor 

(FCERI) 

signaling 

4.76E-02 

 

PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

 

Cell Cycle 

Checkpoints 4.88E-02 

CCNB1,MCM3,MCM6,PSMA1,PSMB5,PSMB7, 

NDE1 

  

Activation of 

APC/C and 

APC/C:Cdc20 

mediated 

degradation of 

mitotic proteins 

5.12E-02 

 

 

CCNB1,PSMA1,PSMB5,PSMB7 

 

 

Nuclear events 

mediated by 

NFE2L2 

5.40E-02 

 

PRDX1,PSMA1,PSMB5,PSMB7 

 

C-type lectin 

receptors (CLRs) 5.48E-02 PSMA1,PSMB5,PSMB7,IKBKG,BCL10 

Assembly of the 

pre-replicative 

complex 

5.48E-02 

 

MCM3,MCM6,PSMA1,PSMB5,PSMB7 

 

Regulation of 

APC/C 

activators 

between G1/S 

and early 

anaphase 

5.67E-02 

 

 

CCNB1,PSMA1,PSMB5,PSMB7 

 

 

Antigen 

processing: 

Ubiquitination & 

Proteasome 

degradation 

5.73E-02 

 

 

PSMA1,PSMB5,PSMB7,THOP1,UBE2L3,HUWE

1,RNF123 
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PA700-20S-

PA28 complex 6.13E-02 PSMA1,PSMB5,PSMB7 

HIV Infection 6.48E-02 LIG4,PSMA1,PSMB5,PSMB7,PDCD6IP,CHMP5 

APC/C-mediated 

degradation of 

cell cycle 

proteins 

6.69E-02 

 

CCNB1,PSMA1,PSMB5,PSMB7 

 

Regulation of 

mRNA stability 

by proteins that 

bind AU-rich 

elements 

6.69E-02 

 

 

PSMA1,PSMB5,PSMB7,ANP32A 

 

 

Regulation of 

mitotic cell cycle 6.69E-02 CCNB1,PSMA1,PSMB5,PSMB7 

Mitotic 

Anaphase 6.85E-02 CCNB1,PSMA1,PSMB5,PSMB7,TUBB4B,NDE1 

Mitotic 

Metaphase and 

Anaphase 6.95E-02 CCNB1,PSMA1,PSMB5,PSMB7,TUBB4B,NDE1 

Cellular 

responses to 

stress 7.92E-02 

ATP6V1C1,IL1A,PRDX1,PSMA1,PSMB5,PSMB

7,SOD2,SCO2,TUBB4B,DCTN2,DCTN4 

KEAP1-

NFE2L2 

pathway 1.14E-01 PRDX1,PSMA1,PSMB5,PSMB7 

Cross-

presentation of 

soluble 

exogenous 

antigens 

(endosomes) 

1.14E-01 

 

 

 

PSMA1,PSMB5,PSMB7 

 

 

 

Regulation of 

activated PAK-

2p34 by 

proteasome 

mediated 

degradation 

1.19E-01 

 

 

 

PSMA1,PSMB5,PSMB7 

 

 

 

Regulation of 

ornithine 

decarboxylase 

(ODC) 

1.22E-01 

 

 

PSMA1,PSMB5,PSMB7 
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Vpu mediated 

degradation of CD4 

1.24E-01 

 

PSMA1,PSMB5,PSMB7 

 

Autodegradation of 

the E3 ubiquitin 

ligase COP1 

1.24E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

Ubiquitin Mediated 

Degradation of 

Phosphorylated 

Cdc25A 

1.24E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

p53-Independent 

DNA Damage 

Response 

1.24E-01 

 

PSMA1,PSMB5,PSMB7 

 

p53-Independent 

G1/S DNA damage 

checkpoint 

1.24E-01 

 

PSMA1,PSMB5,PSMB7 

 

Ubiquitin-dependent 

degradation of 

Cyclin D 

1.24E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

GSK3B and 

BTRC:CUL1-

mediated-

degradation of 

NFE2L2 

1.24E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

RAF/MAP kinase 

cascade 1.25E-01 

ARAF,EGFR,PSMA1,PSMB5,PS

MB7,PEA15 

Hedgehog 'off' state 1.25E-01 PSMA1,PSMB5,PSMB7,TUBB4B 

Separation of Sister 

Chromatids 

1.26E-01 

 

PSMA1,PSMB5,PSMB7,TUBB4B

,NDE1 

 

Regulation of 

Apoptosis 1.27E-01 PSMA1,PSMB5,PSMB7 

Vif-mediated 

degradation of 

APOBEC3G 

1.32E-01 

 

PSMA1,PSMB5,PSMB7 

 

FBXL7 down-

regulates AURKA 

during mitotic entry 

and in early mitosis 

1.32E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

Negative regulation 

of NOTCH4 

signaling 

1.32E-01 

 

PSMA1,PSMB5,PSMB7 

 

MAPK1/MAPK3 

signaling 1.33E-01 

ARAF,EGFR,PSMA1,PSMB5,PS

MB7,PEA15 
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SCF-beta-TrCP 

mediated 

degradation of Emi1 

1.35E-01 

 

PSMA1,PSMB5,PSMB7 

 

Degradation of 

AXIN 1.35E-01 PSMA1,PSMB5,PSMB7 

Regulation of 

RUNX3 expression 

and activity 

1.35E-01 

 

PSMA1,PSMB5,PSMB7 

 

AUF1 (hnRNP D0) 

binds and 

destabilizes mRNA 

1.39E-01 

 

PSMA1,PSMB5,PSMB7 

 

Hh mutants are 

degraded by ERAD 

1.39E-01 

 

PSMA1,PSMB5,PSMB7 

 

Degradation of DVL 

1.44E-01 

 

PSMA1,PSMB5,PSMB7 

 

Stabilization of p53 

1.44E-01 

 

PSMA1,PSMB5,PSMB7 

 

Metabolism of 

polyamines 

1.53E-01 

 

PSMA1,PSMB5,PSMB7 

 

Hh mutants abrogate 

ligand secretion 

1.53E-01 

 

PSMA1,PSMB5,PSMB7 

 

NIK-->noncanonical 

NF-kB signaling 

1.53E-01 

 PSMA1,PSMB5,PSMB7 

SCF(Skp2)-

mediated 

degradation of 

p27/p21 

1.58E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

Dectin-1 mediated 

noncanonical NF-kB 

signaling 

1.58E-01 

 

PSMA1,PSMB5,PSMB7 

 

Degradation of GLI1 

by the proteasome 

1.58E-01 

 

PSMA1,PSMB5,PSMB7 

 

Degradation of GLI2 

by the proteasome 

1.58E-01 

 

PSMA1,PSMB5,PSMB7 

 

GLI3 is processed to 

GLI3R by the 

proteasome 

1.58E-01 

 

PSMA1,PSMB5,PSMB7 

 

Defective CFTR 

causes cystic 

fibrosis 

1.64E-01 

 

PSMA1,PSMB5,PSMB7 

 

Autodegradation of 

Cdh1 by 

Cdh1:APC/C 

1.83E-01 

 

PSMA1,PSMB5,PSMB7 
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Asymmetric localization of 

PCP proteins 

1.83E-01 

 

PSMA1,PSMB5,PSMB7 

 

Hedgehog ligand biogenesis 

1.90E-01 

 

PSMA1,PSMB5,PSMB7 

 

Oxygen-dependent proline 

hydroxylation of Hypoxia-

inducible Factor Alpha 

1.94E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

p53-Dependent G1 DNA 

Damage Response 

1.94E-01 

 

PSMA1,PSMB5,PSMB7 

 

p53-Dependent G1/S DNA 

damage checkpoint 

1.94E-01 

 

PSMA1,PSMB5,PSMB7 

 

MAPK family signaling 

cascades 2.04E-01 

ARAF,EGFR,PSMA1,PSMB5,

PSMB7,PEA15 

APC/C:Cdc20 mediated 

degradation of Securin 

2.05E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

Regulation of RAS by 

GAPs 2.05E-01 PSMA1,PSMB5,PSMB7 

G1/S DNA Damage 

Checkpoints 

2.05E-01 

 

PSMA1,PSMB5,PSMB7 

 

PTEN Regulation 2.08E-01 PML,PSMA1,PSMB5,PSMB7 

Regulation of PTEN 

stability and activity 

2.09E-01 

 

PSMA1,PSMB5,PSMB7 

 

Spinocerebellar ataxia 2.17E-01 

PSMA1,PSMB5,PSMB7,ADR

M1 

Signaling by NOTCH 2.25E-01 

EGFR,PSMA1,PSMB5,PSMB

7,STAT1 

Cdc20:Phospho-APC/C 

mediated degradation of 

Cyclin A 

2.30E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

CDK-mediated 

phosphorylation and 

removal of Cdc6 

2.30E-01 

 

 

PSMA1,PSMB5,PSMB7 

 

 

APC/C:Cdh1 mediated 

degradation of Cdc20 and 

other APC/C:Cdh1 targeted 

proteins in late mitosis/early 

G1 

2.38E-01 

 

 

 

 

PSMA1,PSMB5,PSMB7 

 

 

 

 

APC:Cdc20 mediated 

degradation of cell cycle 

proteins prior to satisfation 

of the cell cycle checkpoint 

2.38E-01 

 

 

 

PSMA1,PSMB5,PSMB7 
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Signaling by Hedgehog 2.39E-01 

PSMA1,PSMB5,PSMB7,TUB

B4B 

Cellular response to 

hypoxia 2.43E-01 PSMA1,PSMB5,PSMB7 

ABC transporter disorders 2.64E-01 PSMA1,PSMB5,PSMB7 

Signaling by NOTCH4 2.87E-01 PSMA1,PSMB5,PSMB7 

Degradation of beta-catenin 

by the destruction complex 

2.93E-01 

 

PSMA1,PSMB5,PSMB7 

 

Cyclin E associated events 

during G1/S transition 

2.93E-01 

 

PSMA1,PSMB5,PSMB7 

 

Hedgehog 'on' state 3.06E-01 PSMA1,PSMB5,PSMB7 

Cyclin A:Cdk2-associated 

events at S phase entry 3.06E-01 PSMA1,PSMB5,PSMB7 

PIP3 activates AKT 

signaling 3.23E-01 

EGFR,PML,PSMA1,PSMB5,P

SMB7 

MAPK6/MAPK4 signaling 3.39E-01 PSMA1,PSMB5,PSMB7 

PCP/CE pathway 3.61E-01 PSMA1,PSMB5,PSMB7 

Apoptosis 3.80E-01 

CASP3,PSMA1,PSMB5,PSM

B7 

Transcriptional regulation 

by RUNX3 

3.93E-01 

 

PSMA1,PSMB5,PSMB7 

 

Motor proteins 6.35E-04 

MYH9,MYL6,TPM3,TPM4,K

IF14,TUBB4B,DCTN2,DCTN

4,TUBB 

Cell Cycle, Mitotic 1.42E-03 

CCNB1,ENSA,MCM3,MCM6

,PRIM1,PSMA1,PSMB5,PSM

B7,RBL1,TUBB4B,DCTN2,N

DE1,TUBB 

G2/M Transition 2.45E-03 

CCNB1,PSMA1,PSMB5,PSM

B7,TUBB4B,DCTN2,NDE1,T

UBB 

Pathogenic Escherichia coli 

infection 

2.45E-03 

 

CASP3,GAPDH,HCLS1,MYH

9,IKBKG, 

WASF2,TUBB4B,TUBB 

Mitotic G2-G2/M phases 2.45E-03 

CCNB1,PSMA1,PSMB5,PSM

B7,TUBB4B,DCTN2,NDE1,T

UBB 

Cell Cycle 8.27E-03 

CCNB1,ENSA,MCM3,MCM6

,PRIM1,PSMA1,PSMB5,PSM

B7,RBL1,TUBB4B,DCTN2,N

DE1,TUBB 
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Regulation of PLK1 

Activity at G2/M Transition 

1.46E-02 

 

CCNB1,TUBB4B,DCTN2,ND

E1,TUBB 

 

M Phase 2.40E-02 

CCNB1,ENSA,PSMA1,PSMB

5,PSMB7,TUBB4B,DCTN2,N

DE1,TUBB 

Salmonella infection 2.61E-02 

CASP3,GAPDH,IKBKG,TUB

B4B,DCTN2,DCTN4,TUBB 

Loss of Nlp from mitotic 

centrosomes 

4.02E-02 

 

TUBB4B,DCTN2,NDE1,TUB

B 

 

Loss of proteins required for 

interphase microtubule 

organization from the 

centrosome 

4.02E-02 

 

 

 

TUBB4B,DCTN2,NDE1,TUB

B 

 

 

 

AURKA Activation by 

TPX2 

4.51E-02 

 

TUBB4B,DCTN2,NDE1,TUB

B 

 

 

Organelle biogenesis and 

maintenance 

5.04E-02 

 

SOD2,TUBB4B,DCTN2,CCT

8,NDE1,TFB2M,TUBB 

 

immune effector process 5.32E-02 

ANXA3,ICAM1,IFI35,LIG4,P

RDX1,BCL10,TUBB4B,TUB

B 

natural killer cell mediated 

cytotoxicity 

5.61E-02 

 

PRDX1,TUBB4B,TUBB 

 

Recruitment of mitotic 

centrosome proteins and 

complexes 

5.83E-02 

 

 

TUBB4B,DCTN2,NDE1,TUB

B 

 

 

Centrosome maturation 5.83E-02 

TUBB4B,DCTN2,NDE1,TUB

B 

natural killer cell mediated 

immunity 

6.13E-02 

 

PRDX1,TUBB4B,TUBB 

 

leukocyte mediated 

immunity 

6.29E-02 

 

ANXA3,LIG4,PRDX1,BCL10

,TUBB4B,TUBB 

 

Recruitment of NuMA to 

mitotic centrosomes 

7.92E-02 

 

TUBB4B,DCTN2,NDE1,TUB

B 
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microtubule cytoskeleton 

organization 

8.02E-02 

 

CCNB1,GAPDH,MYH9,TUB

B4B,DCTN2,HOOK1,NDE1,T

UBB,RSPH9 

Anchoring of the basal body 

to the plasma membrane 

8.99E-02 

 

 

TUBB4B,DCTN2,NDE1,TUB

B 

 

 

lymphocyte mediated 

immunity 

9.96E-02 

 

LIG4,PRDX1,BCL10,TUBB4

B,TUBB 

 

COPI-independent Golgi-

to-ER retrograde traffic 

1.22E-01 

 

TUBB4B,DCTN2,DCTN4 

 

HSP90 chaperone cycle for 

steroid hormone receptors 

(SHR) in the presence of 

ligand 

1.35E-01 

 

 

 

TUBB4B,DCTN2,DCTN4 

 

 

 

Pathogenic Escherichia coli 

infection 

1.35E-01 

 

HCLS1,TUBB4B,TUBB 

 

Cilium Assembly 1.44E-01 

TUBB4B,DCTN2,CCT8,NDE

1,TUBB 

Mitotic Prometaphase 1.51E-01 

CCNB1,TUBB4B,DCTN2,ND

E1,TUBB 

cell killing 1.51E-01 

GAPDH,PRDX1,TUBB4B,TU

BB 

leukocyte mediated 

cytotoxicity 

1.64E-01 

 

PRDX1,TUBB4B,TUBB 

 

Parkin-ubiquitin 

proteasomal system 

pathway 

2.18E-01 

 

UBE2L3,TUBB4B,TUBB 

 

Phagosome 2.52E-01 

ATP6V1C1,STX7,TUBB4B,T

UBB 

spindle organization 2.92E-01 

CCNB1,MYH9,DCTN2,TUB

B 

Gap junction 3.30E-01 EGFR,TUBB4B,TUBB 

Interferon Signaling 6.44E-04 

BST2,EIF4A2,ICAM1,IFI35,I

FIT3,MX1,PML,STAT1,RIGI 

Viral Infection Pathways 6.44E-04 

ATP1B1,BST2,EGFR,LIG4,P

ML,PSMA1,PSMB5,PSMB7,S

DC1,STAT1,IKBKG,PDCD6I

P,TUBB4B,RIGI,CHMP5,TU

BB 

Hepatitis C 8.32E-04 

ARAF,CASP3,EGFR,LDLR,

MX1,STAT1,IKBKG,RIGI 



 

131 

 

Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Network map of SARS-

CoV-2 signaling pathway 

8.65E-04 

 

BST2,CASP3,CCNB1,EIF4A2

,IL1A,MX1,STAT1,IKBKG,R

IGI 

 

Influenza A 1.19E-03 

CASP3,ICAM1,IL1A,MX1,P

ML,STAT1,IKBKG,RIGI 

Immune response to 

tuberculosis 2.45E-03 IFI35,IFIT3,MX1,STAT1 

Interferon alpha/beta 

signaling 

8.98E-03 

 

BST2,IFI35,IFIT3,MX1,STAT

1 

 

Measles virus infection 1.29E-02 

CASP3,IL1A,MX1,STAT1,IK

BKG,RIGI 

Measles 1.30E-02 

CASP3,IL1A,MX1,STAT1,IK

BKG,RIGI 

Epstein-Barr virus infection 4.31E-02 

CASP3,ICAM1,STAT1,IKBK

G,ADRM1,RIGI 

ISG15 antiviral mechanism 4.36E-02 EIF4A2,MX1,STAT1,RIGI 

Host-pathogen interaction 

of human coronaviruses - 

interferon induction 

5.36E-02 

 

 

 

STAT1,IKBKG,RIGI 

 

 

 

Antiviral mechanism by 

IFN-stimulated genes 

5.57E-02 

 

 

EIF4A2,MX1,STAT1,RIGI 

 

 

Hepatitis B infection 

6.43E-02 

 

ARAF,CASP3,STAT1,IKBKG

,RIGI 

 

negative regulation of viral 

process 

7.20E-02 

 

BST2,MX1,STAT1,N4BP1 

 

Hepatitis B 7.76E-02 

ARAF,CASP3,STAT1,IKBKG

,RIGI 

antiviral innate immune 

response 1.10E-01 IFIT3,MX1,RIGI 

defense response to virus 1.13E-01 

BST2,IFIT3,MX1,PML,STAT

1,RIGI 

defense response to 

symbiont 1.14E-01 

BST2,IFIT3,MX1,PML,STAT

1,RIGI 

response to virus 1.24E-01 

BST2,IFIT3,MX1,PML,STAT

1,IKBKG,RIGI 

negative regulation of viral 

genome replication 

1.39E-01 

 

 

BST2,MX1,N4BP1 
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SARS-CoV Infections 1.67E-01 

ATP1B1,BST2,SDC1,STAT1,

IKBKG,RIGI,TUBB 

Ebola virus infection in host 1.71E-01 BST2,EGFR,STAT1,RIGI 

Viral life cycle - HIV-1 1.77E-01 BST2,MX1,PDCD6IP 

SARS-CoV-2 innate 

immunity evasion and cell-

specific immune response 

1.94E-01 

 

 

MX1,STAT1,RIGI 

 

 

positive regulation of type I 

interferon production 

2.14E-01 

 

 

GAPDH,STAT1,RIGI 

 

 

Coronavirus disease - 

COVID-19 

2.17E-01 

 

EGFR,MX1,STAT1,IKBKG,R

IGI 

 

Cytosolic DNA-sensing 

pathway 2.43E-01 CASP3,IKBKG,RIGI 

regulation of viral process 3.04E-01 BST2,MX1,STAT1,N4BP1 

regulation of viral genome 

replication 

3.14E-01 

 

BST2,MX1,N4BP1 

 

Herpes simplex virus 1 

infection 3.64E-01 

BST2,CASP3,PML,STAT1,IK

BKG,RIGI,ZNF573 

mitotic cell cycle 8.65E-04 

CCNB1,ENSA,MCM3,MCM6

,PML,KIF14,PDCD6IP,TUBB

4B,DCTN2,CHMP5,ANLN,N

DE1,PSMG2,TUBB 

mitotic cell cycle process 2.87E-03 

CCNB1,ENSA,MCM3,MCM6

,PML,KIF14,PDCD6IP,DCTN

2,CHMP5,ANLN,NDE1,PSM

G2 

establishment of 

chromosome localization 

1.03E-02 

 

CCNB1,KIF14,DCTN2,CHMP

5,NDE1 

 

chromosome localization 1.29E-02 

CCNB1,KIF14,DCTN2,CHMP

5,NDE1 

mitotic metaphase plate 

congression 

2.02E-02 

 

CCNB1,KIF14,DCTN2,CHMP

5 

 

cell division 2.37E-02 

CCNB1,ENSA,LIG4,MYH9,K

IF14,PDCD6IP,CHMP5,ANL

N,NDE1,TUBB 

metaphase plate congression 3.27E-02 

CCNB1,KIF14,DCTN2,CHMP

5 
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chromosome organization 4.31E-02 

CCNB1,LIG4,MCM3,MCM6,

NASP,KIF14,DCTN2,CHMP5

,SMC6 

establishment of organelle 

localization 

5.06E-02 

 

CCNB1,MYH9,PICALM,IKB

KG,KIF14, 

DCTN2,CHMP5,NDE1 

organelle localization 6.43E-02 

CCNB1,MYH9,PICALM,STX

7,IKBKG, 

KIF14,DCTN2,CHMP5,NDE1 

mitotic nuclear division 7.76E-02 

CCNB1,KIF14,DCTN2,CHMP

5,NDE1 

mitotic sister chromatid 

segregation 

1.96E-01 

 

CCNB1,KIF14,DCTN2,CHMP

5 

 

sister chromatid segregation 2.08E-01 

CCNB1,KIF14,DCTN2,CHMP

5 

chromosome segregation 2.14E-01 

CCNB1,KIF14,DCTN2,CHMP

5,NDE1,TUBB 

establishment of vesicle 

localization 3.29E-01 

PICALM,IKBKG,DCTN2,ND

E1 

vesicle localization 3.96E-01 

PICALM,IKBKG,DCTN2,ND

E1 

Cori cycle 1.06E-03 

ALDOA,GAPDH,PFKP,PGA

M1 

Carbon metabolism 8.06E-03 

ALDOA,FH,GAPDH,IDH3A,

PFKP,PGAM1 

Glycolysis 9.01E-03 

ALDOA,GAPDH,PFKP,PGA

M1,GNPDA1 

Biosynthesis of amino acids 9.86E-03 

ALDOA,GAPDH,IDH3A,PFK

P,PGAM1 

Metabolic reprogramming 

in colon cancer 

1.29E-02 

 

FH,GAPDH,IDH3A,PGAM1 

 

glycolytic process 1.42E-02 

ALDOA,GAPDH,PFKP,PGA

M1 

Glycolysis and 

gluconeogenesis 1.48E-02 

ALDOA,GAPDH,PFKP,PGA

M1 

Glucose metabolism 1.64E-02 

ALDOA,GAPDH,PFKP,PGA

M1,GNPDA1 

Glycolysis / 

Gluconeogenesis 3.72E-02 

ALDOA,GAPDH,PFKP,PGA

M1 

pyruvate metabolic process 3.96E-02 

ALDOA,GAPDH,PFKP,PGA

M1 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Central carbon metabolism 

in cancer 

4.02E-02 

 

EGFR,PFKP,PGAM1,SCO2 

 

Gluconeogenesis 5.84E-02 ALDOA,GAPDH,PGAM1 

Clear cell renal cell 

carcinoma pathways 

6.44E-02 

 

ALDOA,EGFR,GAPDH,PFKP 

 

HIF-1 signaling pathway 1.19E-01 ALDOA,EGFR,GAPDH,PFKP 

carbohydrate catabolic 

process 1.22E-01 

ALDOA,GAPDH,PFKP,PGA

M1 

Metabolism of 

carbohydrates 1.49E-01 

ALDOA,GAPDH,PFKP,PGA

M1,SDC1,GNPDA1 

hexose metabolic process 2.81E-01 

ALDOA,GAPDH,PFKP,PGA

M1 

Sudden infant death 

syndrome (SIDS) 

susceptibility pathways 

2.85E-01 

 

 

ALDOA,CASP3,GAPDH,IL1

A 

 

 

neuron apoptotic process 4.07E-01 CASP3,GAPDH,LIG4 

regulation of proteolysis 3.15E-03 

ARAF,SERPINH1,GAPDH,M

YH9,SERPINB2,PML,S100A9

,SGTA,PICALM,BCL10,N4B

P1,BCL2L13,UBXN1,NLRP2 

regulation of endopeptidase 

activity 

8.89E-03 

 

SERPINH1,GAPDH,SERPIN

B2,PML, 

S100A9,PICALM,BCL10,BC

L2L13,NLRP2 

regulation of peptidase 

activity 9.01E-03 

SERPINH1,GAPDH,SERPIN

B2,PML,S100A9,PICALM,BC

L10,BCL2L13,UBXN1,NLRP

2 

positive regulation of 

endopeptidase activity 

2.49E-02 

 

 

PML,S100A9,PICALM,BCL1

0,BCL2L13,NLRP2 

 

 

positive regulation of 

peptidase activity 

3.29E-02 

 

PML,S100A9,PICALM,BCL1

0,BCL2L13,NLRP2 

 

positive regulation of 

cysteine-type endopeptidase 

activity involved in 

apoptotic process 

3.72E-02 

 

 

 

PML,S100A9,BCL10,BCL2L1

3,NLRP2 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

positive regulation of 

proteolysis 

3.72E-02 

 

MYH9,PML,S100A9,SGTA,P

ICALM, 

BCL10,BCL2L13,NLRP2 

positive regulation of 

cysteine-type endopeptidase 

activity 

5.40E-02 

 

 

PML,S100A9,BCL10,BCL2L1

3,NLRP2 

 

 

regulation of extrinsic 

apoptotic signaling pathway 

7.15E-02 

 

ICAM1,IL1A,PML,PEA15,BC

L10 

 

positive regulation of 

hydrolase activity 

9.63E-02 

 

EGFR,PML,S100A9,ARHGEF

5,PICALM, 

BCL10,SH3BP1,BCL2L13,NL

RP2 

defense response to fungus 1.22E-01 GAPDH,S100A9,BCL10 

regulation of cysteine-type 

endopeptidase activity 

involved in apoptotic 

process 

1.25E-01 

 

 

 

PML,S100A9,BCL10,BCL2L1

3,NLRP2 

 

 

 

positive regulation of 

extrinsic apoptotic signaling 

pathway 

1.27E-01 

 

 

PML,PEA15,BCL10 

 

 

regulation of apoptotic 

signaling pathway 

1.27E-01 

 

ICAM1,IL1A,PML,S100A9,S

OD2,PEA15,BCL10 

 

response to fungus 1.71E-01 GAPDH,S100A9,BCL10 

regulation of cysteine-type 

endopeptidase activity 

1.97E-01 

 

 

PML,S100A9,BCL10,BCL2L1

3,NLRP2 

 

 

positive regulation of 

apoptotic signaling pathway 

2.14E-01 

 

 

PML,S100A9,PEA15,BCL10 

 

 

activation of cysteine-type 

endopeptidase activity 

involved in apoptotic 

process 

2.43E-01 

 

 

 

PML,S100A9,BCL2L13 

 

 

 

cellular homeostasis 6.27E-03 

ALDOA,ATP1B1,ATP6V1C1,

FTL,IL1A,PRDX1,PML,PPT1,

RBM4,S100A9,SOD2,PICAL

M,SCO2 



 

136 

 

Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

intracellular chemical 

homeostasis 3.55E-02 

ATP1B1,FTL,IL1A,PML,PPT

1,RBM4,S100A9,SOD2,PICA

LM,SCO2 

monoatomic cation 

homeostasis 4.76E-02 

ATP1B1,FTL,IL1A,PML,PPT

1,S100A9,SOD2,PICALM,SC

O2 

monoatomic ion 

homeostasis 5.13E-02 

ATP1B1,FTL,IL1A,PML,PPT

1,S100A9,SOD2,PICALM,SC

O2 

intracellular monoatomic 

cation homeostasis 6.12E-02 

ATP1B1,FTL,IL1A,PML,PPT

1,S100A9,PICALM,SCO2 

inorganic ion homeostasis 6.42E-02 

ATP1B1,FTL,IL1A,PML,S100

A9,SOD2,PICALM,SCO2 

intracellular monoatomic 

ion homeostasis 6.68E-02 

ATP1B1,FTL,IL1A,PML,PPT

1,S100A9,PICALM,SCO2 

regulation of amide 

metabolic process 8.86E-03 

CASP3,EEF2,EIF4A2,GAPD

H,KRT17,PA2G4,PGAM1,RB

M4,PICALM,CNOT11,NIBA

N1,MTPN 

positive regulation of amide 

metabolic process 2.53E-02 

CASP3,EEF2,KRT17,RBM4,P

ICALM,NIBAN1 

regulation of translation 6.69E-02 

EEF2,EIF4A2,GAPDH,KRT1

7,PA2G4,RBM4,CNOT11,NI

BAN1,MTPN 

positive regulation of 

translation 2.17E-01 EEF2,KRT17,RBM4,NIBAN1 

response to reactive oxygen 

species 8.89E-03 

CASP3,EGFR,IL1A,PRDX1,S

DC1,SOD2,STAT1 

response to ionizing 

radiation 1.42E-02 

CASP3,EEF1D,IL1A,LIG4,P

ML,SOD2 

response to oxidative stress 1.48E-02 

CASP3,EGFR,IL1A,PRDX1,P

ML,PSMB5,SDC1,SOD2,STA

T1 

response to gamma 

radiation 2.45E-02 IL1A,LIG4,PML,SOD2 

response to radiation 3.14E-02 

CASP3,EEF1D,EGFR,IL1A,L

IG4,PML,RBM4,SOD2,N4BP

1 

CKAP4 signaling pathway 

map 3.19E-02 

CASP3,CCNB1,EGFR,SDC1,

STAT1 

response to inorganic 

substance 7.14E-02 

ATIC,CASP3,EGFR,IL1A,LI

G4,PRDX1,SDC1,SOD2,STA

T1 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

response to hydrogen 

peroxide 1.07E-01 CASP3,SDC1,SOD2,STAT1 

AGE/RAGE pathway 1.94E-01 CASP3,EGFR,STAT1 

response to 

lipopolysaccharide 2.22E-01 

CASP3,IL1A,S100A9,SOD2,B

CL10,CHMP5 

morphogenesis of an 

epithelium 2.30E-01 

CASP3,EGFR,KRT17,PML,B

CL10,SH3BP1,MRTFA 

response to UV 2.48E-01 CASP3,EGFR,PML,N4BP1 

response to molecule of 

bacterial origin 2.73E-01 

CASP3,IL1A,S100A9,SOD2,B

CL10,CHMP5 

response to monosaccharide 2.92E-01 CASP3,IL1A,RBM4,SOD2 

response to metal ion 3.00E-01 

CASP3,EGFR,IL1A,LIG4,SD

C1,SOD2 

cellular response to 

chemical stress 3.75E-01 

CASP3,EGFR,PRDX1,PML,S

OD2 

response to hypoxia 3.78E-01 

ATP1B1,CASP3,IL1A,PML,S

OD2 

Endocytosis 8.98E-03 

EGFR,LDLR,PML,SNX2,PD

CD6IP,EHD4,CHMP5,EPS15

L1 

Membrane Trafficking 2.62E-02 

EGFR,FTL,LDLR,MYH9,SN

X2,PICALM,TUBB4B,DCTN

2,DCTN4,CHMP5,EPS15L1 

endocytosis 2.65E-02 

ANXA3,LDLR,MYH9,PPT1,S

DC1,PICALM,WASF2,SH3B

P1,EHD4,EPS15L1 

Vesicle-mediated transport 3.68E-02 

EGFR,FTL,LDLR,MYH9,SN

X2,PICALM,TUBB4B,DCTN

2,DCTN4,CHMP5,EPS15L1 

endosomal transport 6.69E-02 

ARHGAP1,SNX2,PICALM,E

HD4,CHMP5,EPS15L1 

Cargo recognition for 

clathrin-mediated 

endocytosis 1.12E-01 

EGFR,LDLR,PICALM,EPS15

L1 

Fatty Acids and 

Lipoproteins Transport in 

Hepatocytes 1.25E-01 

EHHADH,LDLR,SNX2,PICA

LM,WASF2,EHD4,EPS15L1 

Clathrin-mediated 

endocytosis 2.29E-01 

EGFR,LDLR,PICALM,EPS15

L1 

receptor-mediated 

endocytosis 3.00E-01 LDLR,PPT1,SDC1,PICALM 

learning or memory 3.61E-01 

CASP3,EGFR,LDLR,PPT1,PI

CALM 



 

138 

 

Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

proteasome assembly 9.01E-03 PSMG1,ADRM1,PSMG2 

wound healing 9.23E-03 

CASP3,CLIC1,EVPL,IL1A,M

YH9,SERPINB2,SDC1,CHMP

5,MRTFA 

response to wounding 1.29E-02 

CASP3,CLIC1,EVPL,IL1A,M

YH9,SERPINB2,SDC1,SOD2,

CHMP5,MRTFA 

muscle structure 

development 3.50E-01 

CASP3,MBNL1,MYH9,MYL

6,SDC1,MRTFA,MTPN 

muscle cell differentiation 3.54E-01 

CASP3,MYH9,SDC1,MRTFA

,MTPN 

Diseases of signal 

transduction by growth 

factor receptors and second 

messengers 1.10E-02 

ARAF,ATIC,EGFR,MYH9,PS

MA1,PSMB5,PSMB7,STAT1,

TPM3,TPM4 

Signaling by ALK in cancer 2.37E-02 ATIC,MYH9,TPM3,TPM4 

Signaling by ALK fusions 

and activated point mutants 2.37E-02 ATIC,MYH9,TPM3,TPM4 

Smooth Muscle Contraction 9.63E-02 MYL6,TPM3,TPM4 

muscle system process 1.34E-01 

ALDOA,ATP1B1,MYL6,TPM

3,TPM4,SCO2 

muscle contraction 2.14E-01 

ALDOA,ATP1B1,MYL6,TPM

3,TPM4 

Cardiac muscle contraction 3.21E-01 ATP1B1,TPM3,TPM4 

cytokinetic process 1.22E-02 

MYH9,PDCD6IP,CHMP5,AN

LN 

cytokinesis 1.25E-01 

MYH9,PDCD6IP,CHMP5,AN

LN 

membrane organization 1.48E-01 

ATP1B1,EGFR,MYH9,PPT1,

SGTA,PICALM,STX7,PDCD

6IP,SH3BP1,CHMP5 

vesicle organization 2.29E-01 

ATP6V1C1,PICALM,STX7,P

DCD6IP,HOOK1,CHMP5 

mitotic cytokinesis 2.87E-01 PDCD6IP,CHMP5,ANLN 

endosome organization 3.54E-01 PDCD6IP,HOOK1,CHMP5 

positive regulation of DNA-

binding transcription factor 

activity 1.22E-02 

ANXA3,HCLS1,S100A9,ARH

GEF5,IKBKG,BCL10,RIGI,M

TPN 

regulation of I-kappaB 

kinase/NF-kappaB signaling 3.25E-02 

BST2,EEF1D,GAPDH,IL1A,S

TAT1,IKBKG,BCL10 

positive regulation of I-

kappaB kinase/NF-kappaB 

signaling 3.73E-02 

BST2,EEF1D,GAPDH,IL1A,I

KBKG,BCL10 
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Table 2A.1. Pathway analysis of all genes found to be upregulated after PTGFRN 

knockdown by shRNA in A431, continued 

regulation of DNA-binding 

transcription factor activity 3.84E-02 

ANXA3,HCLS1,S100A9,ARH

GEF5,IKBKG,BCL10,RIGI,N

LRP2,MTPN 

NF-kappa B signaling 

pathway 1.07E-01 ICAM1,IKBKG,BCL10,RIGI 

Shigellosis 2.62E-01 

EGFR,HCLS1,IKBKG,BCL10

,WASF2 

positive regulation of NF-

kappaB transcription factor 

activity 2.81E-01 

S100A9,IKBKG,BCL10,MTP

N 

T-cell receptor signaling 

pathway 3.47E-01 IL1A,IKBKG,BCL10 

regulation of immune 

effector process 3.54E-01 

BST2,EVPL,ICAM1,STX7,B

CL10,RIGI 

B cell receptor signaling 

pathway 4.00E-01 HCLS1,IKBKG,BCL10 

regulation of fibroblast 

proliferation 1.42E-02 

CCNB1,EGFR,LIG4,PML,SO

D2 

positive regulation of 

fibroblast proliferation 2.20E-02 CCNB1,EGFR,LIG4,PML 

regulation of cell cycle 

process 6.09E-02 

CCNB1,EGFR,IL1A,PML,RB

L1,KIF14,PDCD6IP,CHMP5,

ANLN,PSMG2,SMC6 

regulation of mitotic cell 

cycle phase transition 9.83E-02 

CCNB1,EGFR,PML,RBL1,KI

F14,ANLN,PSMG2 

TP53 Regulates 

Transcription of Cell Cycle 

Genes 1.10E-01 CCNB1,RBL1,CNOT11 

regulation of mitotic cell 

cycle 1.53E-01 

CCNB1,EGFR,IL1A,PML,RB

L1,KIF14,ANLN,PSMG2 

FoxO signaling pathway 1.79E-01 ARAF,CCNB1,EGFR,SOD2 

DNA damage response 2.09E-01 CASP3,CCNB1,PML 

regulation of cell cycle 

phase transition 2.38E-01 

CCNB1,EGFR,PML,RBL1,KI

F14,ANLN,PSMG2 

PID P73PATHWAY 2.71E-01 CCNB1,PML,PEA15 

Transcriptional Regulation 

by TP53 2.85E-01 

CCNB1,PRDX1,PML,RBL1,S

CO2,CNOT11 

positive regulation of cell 

cycle process 

3.02E-01 

 

CCNB1,EGFR,IL1A,KIF14,S

MC6 

 

regulation of G1/S 

transition of mitotic cell 

cycle 

4.06E-01 

 

 

EGFR,PML,RBL1,KIF14 

 

 



 

140 

 

Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431. Statistical significance determined at p <0.05. 

Pathway 

Description 

adj.  

p-value 

Genes Downregulated after PTGFRN 

Knockdown  

nucleobase-

containing 

small molecule 

metabolic 

process 

2.15E-07 AK1,AK4,AMPD2,NQO1,DLD,GARS1,GFPT1,GMD

S,GNAI3,IDH2,NUDT1,NDUFA10,NDUFB5,RRM2,P

APSS2,PAICS,CLPX,ACOT9,ACSS2,UGGT1,QNG1,

NADK2,ALDH1L2,PCYT2,PYGL,PDXK,SPTLC2,GP

HN,AKR1A1,CEPT1,INPP5F,PNPO,TMEM258,RPN1,

MOGS,ACP1 

generation of 

precursor 

metabolites and 

energy 

2.18E-07 ACADVL,ASPH,CAT,CYC1,DLD,NIPSNAP2,GFPT1,

GPD2,IDH2,ME2,NDUFA10,NDUFB5,PHKG2,PLEC,

PYGL,PDIA5,CYCS,ACSS2,ALDH1L2,ACP1,SLC25

A6,NQO1,AKR1A1,POLR2E,TGM2,PSMD6,ACTR1B

,CAPN1,CTNNB1,GNAI3,CTSD,HSPA2,NCBP1 

Cellular 

responses to 

stress 

1.87E-06 ACADVL,ADD1,ATR,BLVRA,BLVRB,CAT,NQO1,G

FPT1,HSPA2,EXOSC9,RBBP7,RHEB,RPL27A,RPL34

,ELOB,PRDX2,H4C9,H2BC21,PSMD6,PREB,PDIA5,

SEC31A,EXOSC3,EXOSC1,CYCS 

amide 

biosynthetic 

process 

7.71E-06 ASS1,CARS1,DLD,EIF1AX,GARS1,GLUD1,NARS1,

NCBP1,RPL27A,RPL34,YARS1,EIF3B,PABPC4,SPT

LC2,MRPL19,IGF2BP3,MRPS2,DARS2,IARS2,ACSS

2,CTSZ,XPNPEP1,ACOT9,ALDH1L2,RPN1,SRP72,T

RMT112,EXOSC9,EXOSC3,THUMPD1,QNG1,GFPT

1,PYCR1,PDE12 

Protein 

processing in 

endoplasmic 

reticulum 

9.02E-06 CAPN1,HSPA2,LMAN1,RPN1,MOGS,SEC24D,PREB

,LMAN2,SEC31A,GANAB,FBXO2,UGGT1,CTSZ,GF

PT1,GMDS,GOLGB1,COPZ1,RAB1B,RAB6A,TJP1,T

PD52L1,KIF23,ACBD3,MYO18A,S100A10,CTSD,AC

TR1B 

ncRNA 

metabolic 

process 

1.18E-05 CARS1,DKC1,GARS1,NARS1,NCBP1,EXOSC9,ELO

B,YARS1,EXOSC3,EXOSC1,SBDS,DDX47,TRMT11

2,DARS2,ZCCHC8,THUMPD1,IARS2,INTS9,QNG1,

RPL27A,RPL34,GNL3,RBM28,POLR2E,SRSF4,PSM

D6,HNRNPR,PRPF8,IGF2BP3,CRNKL1,PRPF40A,BL

VRA,BLVRB,NUDT1,PABPC4,PDE12,EIF3B,GNL2,

MRPS2 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Neutrophil 

degranulation 

2.82E-04 CAPN1,CAT,CTSD,CTSZ,CYB5R3,SERPINB1,LGAL

S3,SERPINB6,PYGL,RAB6A,RAP2B,PDXK,IST1,PS

MD6,ACTR1B,PRDX4 

Cell Cycle 3.19E-04 ATR,DKC1,HSPA2,LYN,POLA1,POLD1,POLR2E,PP

P2R5D,RAB2A,RBBP7,RRM2,H4C9,H2BC21,KIF23,I

ST1,PSMD6,RSF1,RAB1B,NEDD1 

Metabolic 

reprogramming 

in pancreatic 

cancer 

3.19E-04 DLD,GFPT1,GLUD1,HK1,SOAT1,SLC7A5,CYB5R3,

GMDS,UGGT1 

Biosynthesis of 

cofactors 

8.11E-04 AK1,AK4,NQO1,DLD,PDXK,GPHN,AKR1A1,PNPO,

NADK2,IDH2,ALDH1L2,CYB5R3 

NADH 

oxidation 

1.68E-03 NQO1,GPD2,PCK2,CA2,GLUD1 

Fatty acid beta-

oxidation 

1.84E-03 ACADVL,DLD,GPD2,HADHB,ACSS2,GLUD1,HK1,

NUDT1,PCK2,ABCD3,AKR1A1,ALDH1L2,IDH2,ME

2,OSBPL3,ACOT9,INPP5F,NCEH1 

Apoptotic 

cleavage of 

cellular proteins 

2.92E-03 ADD1,CTNNB1,DSG2,PLEC,TJP1,PSMD6,CYCS,FS

CN1,PKP3,RAPGEF1 

Chromosome 

Maintenance 

2.92E-03 DKC1,POLA1,POLD1,POLR2E,RBBP7,H4C9,H2BC2

1,RSF1,ATR,RRM2,BOD1L1,NUDT1,UBE2V1,SWA

P70,UFL1,EXOSC3,MYO18A 

organic 

hydroxy 

compound 

metabolic 

process 

3.04E-03 CAT,CYB5R3,NQO1,GPD2,IDH2,PCK2,ABCD3,SOA

T1,PDXK,SPTLC2,AKR1A1,OSBPL3,PNPO,ACSS2,

ASS1,GLUD1,PYCR1,QNG1,ACBD3,PCYT2,CEPT1,

INPP5F 

VEGFA-

VEGFR2 

signaling 

4.74E-03 ACP1,CALU,CTNNB1,FLNB,GLUD1,RAPGEF1,IDH

2,LMAN1,FSCN1,PRDX2,ACOT9,CYCS,LRRC59 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

mRNA 

metabolic 

process 

5.61E-03 DKC1,LGALS3,NCBP1,EXOSC9,S100A10,SRSF4,H

NRNPR,PRPF8,HNRNPA0,EXOSC3,DDX47,CRNKL

1,RBM28,ZCCHC8,PRPF40A,PDE12,IGF2BP3,POLR

2E,HSPA2 

Carbon 

metabolism 

6.27E-03 CAT,DLD,GLUD1,HK1,IDH2,ME2,ACSS2,PCK2,AK

R1A1,CYCS,PAPSS2,ACOT9 

response to 

toxic substance 

8.22E-03 ASS1,CAT,NQO1,LYN,PRDX2,AKR1A1,PRDX4,KD

M5B,NXN,BLVRA,BLVRB,PSMD6,CYCS,PNPO 

Viral Infection 

Pathways 

9.33E-03 SLC25A6,HLA-

A,NCBP1,POLR2E,RBBP7,RPL27A,RPL34,RPN1,EL

OB,TJP1,UBE2V1,MOGS,H4C9,H2BC21,PSMD6,SE

C24D,GANAB,TMEM258,GFPT1,UGGT1 

nucleobase-

containing 

small molecule 

metabolic 

process 

2.15E-07 AK1,AK4,AMPD2,NQO1,DLD,GARS1,GFPT1,GMD

S,GNAI3,IDH2,NUDT1,NDUFA10,NDUFB5,RRM2,P

APSS2,PAICS,CLPX,ACOT9,ACSS2,UGGT1,QNG1,

NADK2,ALDH1L2 

organophosphat

e biosynthetic 

process 

1.87E-06 AK1,AK4,AMPD2,DLD,GARS1,NDUFA10,NDUFB5,

PCYT2,PYGL,RRM2,PDXK,PAPSS2,SPTLC2,GPHN,

AKR1A1,CEPT1,PAICS,INPP5F,PNPO,ACSS2,NAD

K2 

nucleotide 

metabolic 

process 

1.59E-05 AK1,AK4,AMPD2,NQO1,DLD,GARS1,GNAI3,IDH2,

NDUFA10,NDUFB5,RRM2,PAPSS2,PAICS,CLPX,A

COT9,ACSS2,NADK2,ALDH1L2 

nucleoside 

phosphate 

metabolic 

process 

1.95E-05 AK1,AK4,AMPD2,NQO1,DLD,GARS1,GNAI3,IDH2,

NDUFA10,NDUFB5,RRM2,PAPSS2,PAICS,CLPX,A

COT9,ACSS2,NADK2,ALDH1L2 

purine-

containing 

compound 

metabolic 

process 

3.19E-05 AK1,AK4,AMPD2,NQO1,DLD,GNAI3,IDH2,NUDT1,

NDUFA10,NDUFB5,PAPSS2,PAICS,CLPX,ACOT9,A

CSS2,NADK2,ALDH1L2 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

carbohydrate 

derivative 

biosynthetic process 

6.11E-05 AK1,AK4,AMPD2,TMEM258,DLD,GFPT1,GM

DS,NDUFA10,NDUFB5,PYGL,RPN1,RRM2,M

OGS,PAPSS2,AKR1A1,PAICS,ACSS2,UGGT1,

QNG1 

purine nucleotide 

metabolic process 

6.61E-05 AK1,AK4,AMPD2,NQO1,DLD,GNAI3,IDH2,N

DUFA10,NDUFB5,PAPSS2,PAICS,CLPX,ACOT

9,ACSS2,NADK2,ALDH1L2 

nucleotide 

biosynthetic process 

3.08E-04 AK1,AK4,AMPD2,DLD,GARS1,NDUFA10,ND

UFB5,RRM2,PAPSS2,PAICS,ACSS2,NADK2 

nucleoside phosphate 

biosynthetic process 

3.11E-04 AK1,AK4,AMPD2,DLD,GARS1,NDUFA10,ND

UFB5,RRM2,PAPSS2,PAICS,ACSS2,NADK2 

ribose phosphate 

metabolic process 

1.21E-03 AK1,AK4,AMPD2,DLD,GNAI3,NDUFA10,NDU

FB5,PYGL,PAPSS2,PAICS,CLPX,ACOT9,ACSS

2 

ribose phosphate 

biosynthetic process 

1.59E-03 AK1,AK4,AMPD2,DLD,NDUFA10,NDUFB5,PY

GL,PAPSS2,PAICS,ACSS2 

purine nucleotide 

biosynthetic process 

2.49E-03 AK1,AK4,AMPD2,DLD,NDUFA10,NDUFB5,PA

PSS2,PAICS,ACSS2,NADK2 

purine ribonucleotide 

metabolic process 

2.58E-03 AK1,AK4,AMPD2,DLD,GNAI3,NDUFA10,NDU

FB5,PAPSS2,PAICS,CLPX,ACOT9,ACSS2 

purine-containing 

compound 

biosynthetic process 

3.04E-03 AK1,AK4,AMPD2,DLD,NDUFA10,NDUFB5,PA

PSS2,PAICS,ACSS2,NADK2 

ribonucleotide 

metabolic process 

3.84E-03 AK1,AK4,AMPD2,DLD,GNAI3,NDUFA10,NDU

FB5,PAPSS2,PAICS,CLPX,ACOT9,ACSS2 

purine ribonucleotide 

biosynthetic process 

3.84E-03 AK1,AK4,AMPD2,DLD,NDUFA10,NDUFB5,PA

PSS2,PAICS,ACSS2 

ribonucleotide 

biosynthetic process 

6.27E-03 AK1,AK4,AMPD2,DLD,NDUFA10,NDUFB5,PA

PSS2,PAICS,ACSS2 

AMP metabolic 

process 

8.22E-03 AK1,AK4,AMPD2,PAICS 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Metabolism of 

nucleotides 

1.78E-02 AK1,AK4,AMPD2,NUDT1,RRM2,PAICS 

Thiamine metabolism 3.13E-02 ACP1,AK1,AK4 

purine ribonucleoside 

monophosphate 

metabolic process 

3.81E-02 AK1,AK4,AMPD2,PAICS 

purine nucleoside 

monophosphate 

metabolic process 

4.24E-02 AK1,AK4,AMPD2,PAICS 

Purine metabolism 4.68E-02 AK1,AK4,AMPD2,RRM2,PAPSS2,PAICS 

purine ribonucleoside 

triphosphate 

metabolic process 

7.20E-02 AK1,AK4,GNAI3,NDUFA10,NDUFB5,CLPX 

purine nucleoside 

triphosphate 

metabolic process 

8.16E-02 AK1,AK4,GNAI3,NDUFA10,NDUFB5,CLPX 

ribonucleoside 

triphosphate 

metabolic process 

8.46E-02 AK1,AK4,GNAI3,NDUFA10,NDUFB5,CLPX 

ribonucleoside 

monophosphate 

metabolic process 

9.46E-02 AK1,AK4,AMPD2,PAICS 

nucleoside 

triphosphate 

metabolic process 

1.28E-01 AK1,AK4,GNAI3,NDUFA10,NDUFB5,CLPX 

ribonucleoside 

diphosphate 

metabolic process 

1.28E-01 AK1,AK4,RRM2 

Interconversion of 

nucleotide di- and 

triphosphates 

1.28E-01 AK1,AK4,RRM2 

ATP metabolic 

process 

1.51E-01 AK1,AK4,NDUFA10,NDUFB5,CLPX 
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knockdown by shRNA in A431, continued 

nucleoside 

monophosphate 

metabolic process 

1.86E-01 AK1,AK4,AMPD2,PAICS 

nucleoside 

diphosphate 

metabolic process 

1.96E-01 AK1,AK4,RRM2 

Nucleotide 

metabolism 

2.44E-01 AK1,AK4,AMPD2,RRM2 

nucleoside 

triphosphate 

biosynthetic process 

4.88E-01 AK1,AK4,NDUFA10,NDUFB5 

generation of 

precursor metabolites 

and energy 

2.18E-07 ACADVL,ASPH,CAT,CYC1,DLD,NIPSNAP2,G

FPT1,GPD2,IDH2,ME2,NDUFA10,NDUFB5,PH

KG2,PLEC,PYGL,PDIA5,CYCS,ACSS2,ALDH1

L2 

energy derivation by 

oxidation of organic 

compounds 

1.19E-05 ACADVL,CAT,CYC1,DLD,NIPSNAP2,GFPT1,

GPD2,IDH2,NDUFA10,NDUFB5,PHKG2,PLEC,

PYGL,CYCS 

electron transport 

chain 

3.05E-04 ASPH,CYC1,DLD,GPD2,ME2,NDUFA10,NDUF

B5,PLEC,PDIA5,CYCS 

cellular respiration 7.73E-04 CAT,CYC1,DLD,NIPSNAP2,GPD2,IDH2,NDUF

A10,NDUFB5,PLEC,CYCS 

respiratory electron 

transport chain 

6.64E-03 CYC1,DLD,GPD2,NDUFA10,NDUFB5,PLEC,C

YCS 

aerobic respiration 6.84E-03 CAT,CYC1,DLD,NIPSNAP2,IDH2,NDUFA10,N

DUFB5,CYCS 

Chemical 

carcinogenesis - 

reactive oxygen 

species 

3.54E-02 ACP1,SLC25A6,CAT,CYC1,NQO1,NDUFA10,N

DUFB5,AKR1A1 

oxidative 

phosphorylation 

3.81E-02 CYC1,DLD,NIPSNAP2,NDUFA10,NDUFB5,CY

CS 
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knockdown by shRNA in A431, continued 

The citric acid (TCA) 

cycle and respiratory 

electron transport 

4.42E-02 CYC1,DLD,IDH2,ME2,NDUFA10,NDUFB5,CY

CS 

Huntington disease 5.10E-02 SLC25A6,CYC1,NDUFA10,NDUFB5,POLR2E,

TGM2,PSMD6,ACTR1B,CYCS 

aerobic electron 

transport chain 

6.09E-02 CYC1,DLD,NDUFA10,NDUFB5,CYCS 

ATP synthesis 

coupled electron 

transport 

7.20E-02 CYC1,DLD,NDUFA10,NDUFB5,CYCS 

mitochondrial ATP 

synthesis coupled 

electron transport 

7.20E-02 CYC1,DLD,NDUFA10,NDUFB5,CYCS 

Pathways of 

neurodegeneration - 

multiple diseases 

1.86E-01 SLC25A6,CAPN1,CAT,CTNNB1,CYC1,NDUFA

10,NDUFB5,PSMD6,ACTR1B,CYCS 

Parkinson disease 2.31E-01 SLC25A6,CYC1,GNAI3,NDUFA10,NDUFB5,PS

MD6,CYCS 

Diabetic 

cardiomyopathy 

2.50E-01 SLC25A6,CTSD,CYC1,GFPT1,NDUFA10,NDU

FB5 

Prion disease 2.53E-01 SLC25A6,CYC1,HSPA2,NDUFA10,NDUFB5,PS

MD6,CYCS 

mitochondrial 

electron transport, 

NADH to ubiquinone 

2.99E-01 DLD,NDUFA10,NDUFB5 

Amyotrophic lateral 

sclerosis 

3.07E-01 CAT,CYC1,NCBP1,NDUFA10,NDUFB5,PSMD

6,ACTR1B,CYCS 

Alzheimer disease 3.85E-01 SLC25A6,CAPN1,CTNNB1,CYC1,NDUFA10,N

DUFB5,PSMD6,CYCS 

Respiratory electron 

transport 

3.88E-01 CYC1,NDUFA10,NDUFB5,CYCS 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Cellular responses to 

stress 

1.87E-06 ACADVL,ADD1,ATR,BLVRA,BLVRB,CAT,N

QO1,GFPT1,HSPA2,EXOSC9,RBBP7,RHEB,RP

L27A,RPL34,ELOB,PRDX2,H4C9,H2BC21,PSM

D6,PREB,PDIA5,SEC31A,EXOSC3,EXOSC1,C

YCS 

Unfolded Protein 

Response (UPR) 

3.19E-05 ACADVL,ADD1,GFPT1,EXOSC9,PREB,PDIA5,

SEC31A,EXOSC3,EXOSC1 

XBP1(S) activates 

chaperone genes 

7.97E-04 ACADVL,ADD1,GFPT1,PREB,PDIA5,SEC31A 

IRE1alpha activates 

chaperones 

9.33E-04 ACADVL,ADD1,GFPT1,PREB,PDIA5,SEC31A 

amide biosynthetic 

process 

7.71E-06 ASS1,CARS1,DLD,EIF1AX,GARS1,GLUD1,NA

RS1,NCBP1,RPL27A,RPL34,YARS1,EIF3B,PA

BPC4,SPTLC2,MRPL19,IGF2BP3,MRPS2,DAR

S2,IARS2,ACSS2 

amide metabolic 

process 

8.12E-06 ASS1,CARS1,CTSZ,DLD,EIF1AX,GARS1,GLU

D1,NARS1,NCBP1,RPL27A,RPL34,XPNPEP1,Y

ARS1,EIF3B,PABPC4,SPTLC2,MRPL19,IGF2B

P3,ACOT9,MRPS2,DARS2,IARS2,ACSS2,ALD

H1L2 

Translation 8.12E-06 CARS1,EIF1AX,GARS1,NARS1,RPL27A,RPL3

4,RPN1,SRP72,YARS1,EIF3B,MRPL19,MRPS2,

TRMT112,DARS2,IARS2 

translation 1.42E-04 CARS1,EIF1AX,GARS1,NARS1,NCBP1,RPL27

A,RPL34,YARS1,EIF3B,PABPC4,MRPL19,IGF2

BP3,MRPS2,DARS2,IARS2 

tRNA metabolic 

process 

1.49E-04 CARS1,GARS1,NARS1,EXOSC9,YARS1,EXOS

C3,TRMT112,DARS2,THUMPD1,IARS2,QNG1 

peptide metabolic 

process 

1.49E-04 CARS1,CTSZ,EIF1AX,GARS1,NARS1,NCBP1,

RPL27A,RPL34,XPNPEP1,YARS1,EIF3B,PABP

C4,MRPL19,IGF2BP3,MRPS2,DARS2,IARS2 

peptide biosynthetic 

process 

2.67E-04 CARS1,EIF1AX,GARS1,NARS1,NCBP1,RPL27

A,RPL34,YARS1,EIF3B,PABPC4,MRPL19,IGF2

BP3,MRPS2,DARS2,IARS2 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

tRNA aminoacylation 

for protein translation 

3.11E-04 CARS1,GARS1,NARS1,YARS1,DARS2,IARS2 

tRNA 

Aminoacylation 

3.19E-04 CARS1,GARS1,NARS1,YARS1,DARS2,IARS2 

tRNA aminoacylation 3.99E-04 CARS1,GARS1,NARS1,YARS1,DARS2,IARS2 

amino acid activation 4.44E-04 CARS1,GARS1,NARS1,YARS1,DARS2,IARS2 

amino acid metabolic 

process 

2.45E-03 ASS1,CARS1,DLD,GARS1,GFPT1,GLUD1,NA

RS1,PYCR1,YARS1,DARS2,IARS2 

Aminoacyl-tRNA 

biosynthesis 

2.95E-03 CARS1,GARS1,NARS1,YARS1,DARS2,IARS2 

Cytosolic tRNA 

aminoacylation 

7.20E-03 CARS1,GARS1,NARS1,YARS1 

Mitochondrial tRNA 

aminoacylation 

6.09E-02 GARS1,DARS2,IARS2 

mitochondrial 

translation 

1.19E-01 GARS1,MRPL19,MRPS2,DARS2,IARS2 

mitochondrial gene 

expression 

2.59E-01 GARS1,MRPL19,MRPS2,DARS2,IARS2 

mitochondrial RNA 

metabolic process 

2.72E-01 GARS1,DARS2,PDE12 

Protein processing in 

endoplasmic 

reticulum 

9.02E-06 CAPN1,HSPA2,LMAN1,RPN1,MOGS,SEC24D,

PREB,LMAN2,SEC31A,GANAB,FBXO2,UGGT

1 

Asparagine N-linked 

glycosylation 

1.09E-05 CTSZ,GFPT1,GMDS,GOLGB1,LMAN1,RPN1,

MOGS,SEC24D,PREB,LMAN2,COPZ1,SEC31A

,GANAB,UGGT1,RAB1B 

COPII-mediated 

vesicle transport 

3.33E-04 CTSZ,LMAN1,SEC24D,PREB,LMAN2,SEC31A,

RAB1B 

ER to Golgi 

Anterograde 

Transport 

8.34E-04 CTSZ,GOLGB1,LMAN1,SEC24D,PREB,LMAN

2,COPZ1,SEC31A,RAB1B 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Cargo concentration 

in the ER 

1.66E-03 CTSZ,LMAN1,SEC24D,PREB,LMAN2 

Transport to the 

Golgi and subsequent 

modification 

2.92E-03 CTSZ,GOLGB1,LMAN1,SEC24D,PREB,LMAN

2,COPZ1,SEC31A,RAB1B 

Membrane 

Trafficking 

3.39E-02 CTSZ,GOLGB1,LMAN1,RAB6A,TJP1,TPD52L1

,KIF23,SEC24D,PREB,LMAN2,COPZ1,SEC31A

,ACBD3,RAB1B 

Golgi vesicle 

transport 

3.46E-02 LMAN1,RAB6A,SEC24D,PREB,LMAN2,COPZ

1,SEC31A,RAB1B,MYO18A 

vesicle budding from 

membrane 

3.81E-02 S100A10,SEC24D,PREB,SEC31A,MYO18A 

endoplasmic 

reticulum to Golgi 

vesicle-mediated 

transport 

4.24E-02 LMAN1,SEC24D,PREB,LMAN2,SEC31A,RAB1

B 

Vesicle-mediated 

transport 

4.76E-02 CTSZ,GOLGB1,LMAN1,RAB6A,TJP1,TPD52L1

,KIF23,SEC24D,PREB,LMAN2,COPZ1,SEC31A

,ACBD3,RAB1B 

MHC class II antigen 

presentation 

1.68E-01 CTSD,KIF23,SEC24D,ACTR1B,SEC31A 

COPII-coated vesicle 

budding 

2.41E-01 SEC24D,PREB,SEC31A 

ncRNA metabolic 

process 

1.18E-05 CARS1,DKC1,GARS1,NARS1,NCBP1,EXOSC9,

ELOB,YARS1,EXOSC3,EXOSC1,SBDS,DDX47

,TRMT112,DARS2,ZCCHC8,THUMPD1,IARS2,

INTS9,QNG1 

rRNA processing in 

the nucleus and 

cytosol 

1.49E-04 DKC1,EXOSC9,RPL27A,RPL34,GNL3,EXOSC3

,EXOSC1,DDX47,TRMT112,RBM28,THUMPD1 

Metabolism of RNA 1.73E-04 DKC1,NCBP1,EXOSC9,POLR2E,RPL27A,RPL3

4,SRSF4,PSMD6,HNRNPR,PRPF8,IGF2BP3,GN

L3,EXOSC3,EXOSC1,DDX47,CRNKL1,TRMT1

12,RBM28,THUMPD1,PRPF40A 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

rRNA processing 2.24E-04 DKC1,EXOSC9,RPL27A,RPL34,GNL3,EXOSC3

,EXOSC1,DDX47,TRMT112,RBM28,THUMPD1 

cellular nitrogen 

compound catabolic 

process 

6.84E-03 BLVRA,BLVRB,NUDT1,NCBP1,EXOSC9,ELO

B,PABPC4,EXOSC3,EXOSC1,ZCCHC8,PDE12 

heterocycle catabolic 

process 

7.13E-03 BLVRA,BLVRB,NUDT1,NCBP1,EXOSC9,ELO

B,PABPC4,EXOSC3,EXOSC1,ZCCHC8,PDE12 

RNA catabolic 

process 

7.46E-03 NCBP1,EXOSC9,ELOB,PABPC4,EXOSC3,EXO

SC1,ZCCHC8,PDE12 

aromatic compound 

catabolic process 

1.01E-02 BLVRA,BLVRB,NUDT1,NCBP1,EXOSC9,ELO

B,PABPC4,EXOSC3,EXOSC1,ZCCHC8,PDE12 

snRNA metabolic 

process 

1.09E-02 DKC1,EXOSC9,EXOSC3,ZCCHC8,INTS9 

Exosome 1.11E-02 EXOSC9,EXOSC3,EXOSC1 

ncRNA processing 1.15E-02 DKC1,NCBP1,EXOSC9,EXOSC3,EXOSC1,SBD

S,DDX47,TRMT112,ZCCHC8,THUMPD1,INTS

9,QNG1 

ribonucleoprotein 

complex biogenesis 

1.18E-02 DKC1,NCBP1,EXOSC9,EIF3B,PRPF8,GNL2,EX

OSC3,EXOSC1,MRPS2,SBDS,DDX47,CRNKL1,

TRMT112 

Major pathway of 

rRNA processing in 

the nucleolus and 

cytosol 

1.33E-02 EXOSC9,RPL27A,RPL34,GNL3,EXOSC3,EXOS

C1,DDX47,RBM28 

Exosome 1.38E-02 EXOSC9,EXOSC3,EXOSC1 

Exosome 1.78E-02 EXOSC9,EXOSC3,EXOSC1 

organic cyclic 

compound catabolic 

process 

1.84E-02 BLVRA,BLVRB,NUDT1,NCBP1,EXOSC9,ELO

B,PABPC4,EXOSC3,EXOSC1,ZCCHC8,PDE12 

mRNA decay by 3' to 

5' exoribonuclease 

3.46E-02 EXOSC9,EXOSC3,EXOSC1 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

nucleobase-

containing compound 

catabolic process 

3.80E-02 NUDT1,NCBP1,EXOSC9,ELOB,PABPC4,EXOS

C3,EXOSC1,ZCCHC8,PDE12 

Butyrate Response 

Factor 1 (BRF1) 

binds and destabilizes 

mRNA 

3.81E-02 EXOSC9,EXOSC3,EXOSC1 

Tristetraprolin (TTP, 

ZFP36) binds and 

destabilizes mRNA 

3.81E-02 EXOSC9,EXOSC3,EXOSC1 

KSRP (KHSRP) 

binds and destabilizes 

mRNA 

3.81E-02 EXOSC9,EXOSC3,EXOSC1 

ncRNA catabolic 

process 

4.03E-02 EXOSC9,ELOB,EXOSC3,ZCCHC8 

regulatory ncRNA 3'-

end processing 

4.80E-02 DKC1,EXOSC9,EXOSC3 

ribosome biogenesis 5.65E-02 DKC1,EXOSC9,GNL2,EXOSC3,EXOSC1,MRPS

2,SBDS,DDX47,TRMT112 

snRNA 3'-end 

processing 

7.26E-02 EXOSC9,EXOSC3,INTS9 

RNA 3'-end 

processing 

8.16E-02 DKC1,NCBP1,EXOSC9,EXOSC3,INTS9 

rRNA processing 9.93E-02 DKC1,EXOSC9,EXOSC3,EXOSC1,SBDS,DDX4

7,TRMT112 

ATF4 activates genes 

in response to 

endoplasmic 

reticulum  stress 

1.01E-01 EXOSC9,EXOSC3,EXOSC1 

rRNA modification in 

the nucleus and 

cytosol 

1.01E-01 DKC1,DDX47,TRMT112,THUMPD1 

snRNA processing 1.10E-01 EXOSC9,EXOSC3,INTS9 
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knockdown by shRNA in A431, continued 

PERK regulates gene 

expression 

1.49E-01 EXOSC9,EXOSC3,EXOSC1 

rRNA metabolic 

process 

1.73E-01 DKC1,EXOSC9,EXOSC3,EXOSC1,SBDS,DDX4

7,TRMT112 

RNA degradation 2.02E-01 EXOSC9,PABPC4,EXOSC3,EXOSC1 

RNA phosphodiester 

bond hydrolysis, 

exonucleolytic 

2.60E-01 EXOSC9,EXOSC3,PDE12 

Regulation of mRNA 

stability by proteins 

that bind AU-rich 

elements 

2.61E-01 EXOSC9,PSMD6,EXOSC3,EXOSC1 

nuclear-transcribed 

mRNA catabolic 

process, 

deadenylation-

dependent decay 

2.72E-01 EXOSC9,EXOSC3,PDE12 

nuclear-transcribed 

mRNA catabolic 

process 

3.88E-01 NCBP1,EXOSC9,EXOSC3,PDE12 

Deadenylation-

dependent mRNA 

decay 

4.15E-01 EXOSC9,EXOSC3,EXOSC1 

Neutrophil 

degranulation 

2.82E-04 CAPN1,CAT,CTSD,CTSZ,CYB5R3,SERPINB1,

LGALS3,SERPINB6,PYGL,RAB6A,RAP2B,PD

XK,IST1,PSMD6,ACTR1B,PRDX4 

Cell Cycle 3.19E-04 ATR,DKC1,HSPA2,LYN,POLA1,POLD1,POLR

2E,PPP2R5D,RAB2A,RBBP7,RRM2,H4C9,H2B

C21,KIF23,IST1,PSMD6,RSF1,RAB1B,NEDD1 

Cell Cycle, Mitotic 3.46E-02 LYN,POLA1,POLD1,PPP2R5D,RAB2A,RRM2,

H4C9,H2BC21,KIF23,IST1,PSMD6,RAB1B,NE

DD1 

M Phase 2.31E-01 PPP2R5D,RAB2A,H4C9,H2BC21,KIF23,IST1,P

SMD6,RAB1B,NEDD1 
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knockdown by shRNA in A431, continued 

Metabolic 

reprogramming in 

pancreatic cancer 

3.19E-04 DLD,GFPT1,GLUD1,HK1,SOAT1,SLC7A5 

Amino sugar and 

nucleotide sugar 

metabolism 

5.89E-02 CYB5R3,GFPT1,GMDS,HK1 

nucleotide-sugar 

metabolic process 

1.87E-01 GFPT1,GMDS,UGGT1 

Biosynthesis of 

nucleotide sugars 

1.96E-01 GFPT1,GMDS,HK1 

Biosynthesis of 

cofactors 

8.11E-04 AK1,AK4,NQO1,DLD,PDXK,GPHN,AKR1A1,P

NPO,NADK2 

pyridine-containing 

compound metabolic 

process 

6.58E-03 NQO1,IDH2,PDXK,PNPO,NADK2,ALDH1L2 

water-soluble vitamin 

biosynthetic process 

6.58E-03 PDXK,AKR1A1,PNPO 

NADP metabolic 

process 

2.67E-02 NQO1,IDH2,NADK2,ALDH1L2 

vitamin biosynthetic 

process 

3.13E-02 PDXK,AKR1A1,PNPO 

Metabolism of water-

soluble vitamins and 

cofactors 

4.19E-02 CYB5R3,PDXK,GPHN,PNPO,NADK2,ALDH1L

2 

vitamin metabolic 

process 

8.16E-02 NQO1,PDXK,AKR1A1,PNPO,ALDH1L2 

water-soluble vitamin 

metabolic process 

9.02E-02 PDXK,AKR1A1,PNPO,ALDH1L2 

cellular aldehyde 

metabolic process 

1.01E-01 IDH2,PDXK,AKR1A1,PNPO 
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knockdown by shRNA in A431, continued 

pyridine-containing 

compound 

biosynthetic process 

1.40E-01 PDXK,PNPO,NADK2 

pyridine nucleotide 

metabolic process 

1.56E-01 NQO1,IDH2,NADK2,ALDH1L2 

nicotinamide 

nucleotide metabolic 

process 

1.56E-01 NQO1,IDH2,NADK2,ALDH1L2 

Metabolism of 

vitamins and 

cofactors 

2.02E-01 CYB5R3,PDXK,GPHN,PNPO,NADK2,ALDH1L

2 

NADH oxidation 1.68E-03 NQO1,GPD2,PCK2 

Proximal tubule 

bicarbonate 

reclamation 

7.26E-02 CA2,GLUD1,PCK2 

Fatty acid beta-

oxidation 

1.84E-03 ACADVL,DLD,GPD2,HADHB,ACSS2 

small molecule 

catabolic process 

1.17E-02 ACADVL,DLD,GLUD1,GPD2,HADHB,HK1,NU

DT1,PCK2,ABCD3,AKR1A1,ALDH1L2 

monocarboxylic acid 

catabolic process 

3.46E-02 ACADVL,HADHB,PCK2,ABCD3,AKR1A1,AL

DH1L2 

organic acid catabolic 

process 

4.24E-02 ACADVL,DLD,GLUD1,HADHB,PCK2,ABCD3,

AKR1A1,ALDH1L2 

carboxylic acid 

catabolic process 

4.24E-02 ACADVL,DLD,GLUD1,HADHB,PCK2,ABCD3,

AKR1A1,ALDH1L2 

monocarboxylic acid 

metabolic process 

4.57E-02 ACADVL,DLD,HADHB,HK1,IDH2,ME2,PCK2,

ABCD3,AKR1A1,OSBPL3,ACSS2,ALDH1L2 

fatty acid catabolic 

process 

6.31E-02 ACADVL,HADHB,PCK2,ABCD3,ALDH1L2 

fatty acid beta-

oxidation 

9.82E-02 ACADVL,HADHB,ABCD3,ALDH1L2 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Mitochondrial Fatty 

Acid Beta-Oxidation 

1.96E-01 ACADVL,HADHB,ACOT9 

cellular lipid 

catabolic process 

2.11E-01 ACADVL,HADHB,PCK2,ABCD3,INPP5F,ALD

H1L2 

fatty acid oxidation 2.24E-01 ACADVL,HADHB,ABCD3,ALDH1L2 

lipid oxidation 2.61E-01 ACADVL,HADHB,ABCD3,ALDH1L2 

lipid catabolic 

process 

3.14E-01 ACADVL,HADHB,PCK2,ABCD3,INPP5F,NCE

H1,ALDH1L2 

lipid modification 4.02E-01 ACADVL,HADHB,ABCD3,INPP5F,ALDH1L2 

Apoptotic cleavage of 

cellular proteins 

2.92E-03 ADD1,CTNNB1,DSG2,PLEC,TJP1 

Apoptotic execution 

phase 

9.46E-03 ADD1,CTNNB1,DSG2,PLEC,TJP1 

Apoptotic cleavage of 

cell adhesion  

proteins 

1.38E-02 CTNNB1,DSG2,TJP1 

Apoptosis 4.66E-02 ADD1,CTNNB1,DSG2,PLEC,TJP1,PSMD6,CYC

S 

Programmed Cell 

Death 

9.46E-02 ADD1,CTNNB1,DSG2,PLEC,TJP1,PSMD6,CYC

S 

cell-cell junction 

organization 

1.65E-01 CTNNB1,DSG2,PLEC,FSCN1,TJP1,PKP3 

PID ECADHERIN 

NASCENT AJ 

PATHWAY 

2.17E-01 CTNNB1,RAPGEF1,TJP1 

adherens junction 

organization 

3.84E-01 CTNNB1,PLEC,TJP1 

Chromosome 

Maintenance 

2.92E-03 DKC1,POLA1,POLD1,POLR2E,RBBP7,H4C9,H

2BC21,RSF1 

Telomere 

Maintenance 

3.13E-02 DKC1,POLA1,POLD1,POLR2E,H4C9,H2BC21 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

DNA replication 2.31E-01 ATR,POLA1,POLD1,RBBP7,RRM2,BOD1L1 

Pyrimidine 

metabolism 

2.38E-01 POLA1,POLD1,POLR2E,RRM2 

DNA metabolic 

process 

2.64E-01 ATR,DKC1,NUDT1,POLA1,POLD1,RBBP7,RR

M2,UBE2V1,SWAP70,UFL1,EXOSC3,BOD1L1,

MYO18A 

Extension of 

Telomeres 

3.68E-01 DKC1,POLA1,POLD1 

DNA-templated 

DNA replication 

maintenance of 

fidelity 

4.15E-01 ATR,POLD1,BOD1L1 

organic hydroxy 

compound metabolic 

process 

3.04E-03 CAT,CYB5R3,NQO1,GPD2,IDH2,PCK2,ABCD3

,SOAT1,PDXK,SPTLC2,AKR1A1,OSBPL3,PNP

O,ACSS2 

small molecule 

biosynthetic process 

2.30E-02 ASS1,CYB5R3,GLUD1,PCK2,ABCD3,PYCR1,P

DXK,SPTLC2,AKR1A1,OSBPL3,PNPO,QNG1 

organic hydroxy 

compound 

biosynthetic process 

3.84E-02 CYB5R3,PCK2,ABCD3,PDXK,SPTLC2,OSBPL

3,PNPO 

alcohol metabolic 

process 

6.92E-02 CAT,CYB5R3,GPD2,IDH2,PCK2,SOAT1,SPTL

C2,AKR1A1,ACSS2 

Cholesterol 

biosynthesis pathway 

in hepatocytes 

4.54E-01 CYB5R3,ABCD3,OSBPL3,ACBD3 

steroid biosynthetic 

process 

4.88E-01 CYB5R3,ABCD3,OSBPL3,ACBD3 

steroid metabolic 

process 

5.23E-01 CAT,CYB5R3,ABCD3,SOAT1,OSBPL3,ACBD3 

lipid biosynthetic 

process 

5.30E-01 CYB5R3,PCK2,ABCD3,PCYT2,SPTLC2,CEPT1,

INPP5F,OSBPL3,ACSS2,ACBD3 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

VEGFA-VEGFR2 

signaling 

4.74E-03 ACP1,CALU,CTNNB1,FLNB,GLUD1,RAPGEF

1,IDH2,LMAN1,FSCN1,PRDX2,ACOT9,CYCS,

LRRC59 

mRNA metabolic 

process 

5.61E-03 DKC1,LGALS3,NCBP1,EXOSC9,S100A10,SRS

F4,HNRNPR,PRPF8,HNRNPA0,EXOSC3,DDX4

7,CRNKL1,RBM28,ZCCHC8,PRPF40A,PDE12 

mRNA processing 3.54E-02 LGALS3,NCBP1,SRSF4,HNRNPR,PRPF8,HNR

NPA0,DDX47,CRNKL1,RBM28,ZCCHC8,PRPF

40A,PDE12 

Spliceosome 6.92E-02 NCBP1,SRSF4,PRPF8,IGF2BP3,CRNKL1,PRPF

40A 

RNA splicing 8.16E-02 LGALS3,NCBP1,SRSF4,HNRNPR,PRPF8,DDX

47,CRNKL1,RBM28,ZCCHC8,PRPF40A 

mRNA Splicing - 

Major Pathway 

8.35E-02 NCBP1,POLR2E,SRSF4,HNRNPR,PRPF8,CRN

KL1,PRPF40A 

mRNA Splicing 9.77E-02 NCBP1,POLR2E,SRSF4,HNRNPR,PRPF8,CRN

KL1,PRPF40A 

Spliceosome 9.77E-02 HSPA2,NCBP1,SRSF4,PRPF8,CRNKL1,PRPF40

A 

mRNA processing 1.82E-01 NCBP1,SRSF4,HNRNPR,PRPF8,PRPF40A 

C complex 

spliceosome 

2.02E-01 HNRNPR,PRPF8,CRNKL1,ZCCHC8 

RNA splicing, via 

transesterification 

reactions with bulged 

adenosine as 

nucleophile 

2.50E-01 NCBP1,SRSF4,HNRNPR,PRPF8,CRNKL1,ZCC

HC8,PRPF40A 

mRNA splicing, via 

spliceosome 

2.50E-01 NCBP1,SRSF4,HNRNPR,PRPF8,CRNKL1,ZCC

HC8,PRPF40A 

RNA splicing, via 

transesterification 

reactions 

2.60E-01 NCBP1,SRSF4,HNRNPR,PRPF8,CRNKL1,ZCC

HC8,PRPF40A 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Processing of Capped 

Intron-Containing 

Pre-mRNA 

2.97E-01 NCBP1,POLR2E,SRSF4,HNRNPR,PRPF8,CRN

KL1,PRPF40A 

Carbon metabolism 6.27E-03 CAT,DLD,GLUD1,HK1,IDH2,ME2,ACSS2 

Pyruvate metabolism 6.64E-03 DLD,ME2,PCK2,AKR1A1,ACSS2 

Glycolysis / 

Gluconeogenesis 

2.56E-02 DLD,HK1,PCK2,AKR1A1,ACSS2 

Citric acid cycle 

(TCA cycle) 

6.82E-02 DLD,IDH2,ME2 

Transcriptional 

activation of 

mitochondrial 

biogenesis 

8.16E-02 GLUD1,IDH2,CYCS,ACSS2 

Citrate cycle (TCA 

cycle) 

1.28E-01 DLD,IDH2,PCK2 

Glyoxylate and 

dicarboxylate 

metabolism 

1.28E-01 CAT,DLD,ACSS2 

pyruvate metabolic 

process 

1.48E-01 DLD,HK1,ME2,PCK2 

Mitochondrial 

biogenesis 

3.22E-01 GLUD1,IDH2,CYCS,ACSS2 

nucleoside 

bisphosphate 

biosynthetic process 

3.88E-01 DLD,PAPSS2,ACSS2 

ribonucleoside 

bisphosphate 

biosynthetic process 

3.88E-01 DLD,PAPSS2,ACSS2 

purine nucleoside 

bisphosphate 

biosynthetic process 

3.88E-01 DLD,PAPSS2,ACSS2 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Pyruvate metabolism 

and Citric Acid 

(TCA) cycle 

4.15E-01 DLD,IDH2,ME2 

nucleoside 

bisphosphate 

metabolic process 

5.25E-01 DLD,PAPSS2,ACOT9,ACSS2 

ribonucleoside 

bisphosphate 

metabolic process 

5.25E-01 DLD,PAPSS2,ACOT9,ACSS2 

purine nucleoside 

bisphosphate 

metabolic process 

5.25E-01 DLD,PAPSS2,ACOT9,ACSS2 

response to toxic 

substance 

8.22E-03 ASS1,CAT,NQO1,LYN,PRDX2,AKR1A1,PRDX

4,KDM5B,NXN 

cellular detoxification 2.56E-02 CAT,NQO1,PRDX2,AKR1A1,PRDX4,NXN 

cellular response to 

toxic substance 

3.46E-02 CAT,NQO1,PRDX2,AKR1A1,PRDX4,NXN 

detoxification 4.04E-02 CAT,NQO1,PRDX2,AKR1A1,PRDX4,NXN 

cellular oxidant 

detoxification 

5.71E-02 CAT,NQO1,PRDX2,PRDX4,NXN 

Cellular response to 

chemical stress 

7.20E-02 BLVRA,BLVRB,CAT,NQO1,PRDX2,PSMD6,C

YCS 

hydrogen peroxide 

catabolic process 

1.01E-01 CAT,PRDX2,PRDX4 

Detoxification of 

Reactive Oxygen 

Species 

1.96E-01 CAT,PRDX2,CYCS 

hydrogen peroxide 

metabolic process 

2.17E-01 CAT,PRDX2,PRDX4 

cell redox 

homeostasis 

2.31E-01 NQO1,PRDX2,PRDX4 
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Table 2A.2. Pathway analysis of all genes found to be downregulated after PTGFRN 

knockdown by shRNA in A431, continued 

Selenium 

micronutrient 

network 

2.50E-01 CAT,PRDX2,PRDX4,PNPO 

reactive oxygen 

species metabolic 

process 

4.16E-01 CAT,NQO1,PRDX2,PRDX4 

Viral Infection 

Pathways 

9.33E-03 SLC25A6,HLA-

A,NCBP1,POLR2E,RBBP7,RPL27A,RPL34,RPN

1,ELOB,TJP1,UBE2V1,MOGS,H4C9,H2BC21,P

SMD6,SEC24D,GANAB 

protein N-linked 

glycosylation 

3.27E-02 TMEM258,GFPT1,RPN1,MOGS,UGGT1 

N-glycan trimming in 

the ER and 

Calnexin/Calreticulin 

cycle 

1.76E-01 MOGS,GANAB,UGGT1 

Maturation of spike 

protein 

1.96E-01 RPN1,MOGS,GANAB 

N-Glycan 

biosynthesis 

3.54E-01 RPN1,MOGS,GANAB 

SARS-CoV-2 

Infection 

3.56E-01 HLA-

A,RPN1,TJP1,UBE2V1,MOGS,SEC24D,GANAB 

Translation of 

Structural Proteins 

4.42E-01 RPN1,MOGS,GANAB 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells. Statistical significance 

determined at p <0.05. 

Pathway 

Description 

adj.           

p-value 

Proteins Present in 8C7 IP Elution 

 

 

 

 

Metabolism 

of RNA 

 

 

 

 

6.20E-29 

CLNS1A,EIF4G1,GSPT1,HNRNPU,NCBP1,NCL,POLR2

H,PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,UPF1,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,

RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27

A,SRSF3,SNRPB2,SNRPE,PRPF4,RPL23,APOBEC3B,N

UP58,LCMT2,POP7,CHERP,IGF2BP3,IGF2BP2,RPP40,

NUDT21,CNOT1,PES1,PABPC1,GPKOW,DDX41,RBM

28,RBM25,THOC3,EXOSC6,PRKAR2A,SRC,ADAM10,

AP2M1,CLTC,CREB1,ITGB1,LAMC1,MSN,MYL6,PLC

G1,EZR,EIF2S3,EIF4G2,EIF5A,GARS1,HARS1,LTA4H,

PABPC4,LANCL1,MRPL2,ERAP1,QRSL1,IARS2,CARS

2,EIF2A,MRPL53,ACAT1,ASNS,DLST,HEXB,OAT,FA

R1,ILF2,ILF3,H1-

10,GCSH,ETHE1,TXN2,CDK6,G6PD,HSPA5,IL1A,PGD

,RHEB,HSP90B1,BAG2,PREB,LRPPRC,PRDX3,FEN1,P

PIB,IKBKG,G3BP2,PDCD6IP,AP1M2,TRIM28,MBD3,O

AS3,SRFBP1 

VEGFA-

VEGFR2 

signaling 

2.60E-11 ADAM10,ALDOA,CLTC,CREB1,CRK,EIF4G1,EIF4G2,I

TGB1,LMAN1,MMP14,MYO6,NCL,PGD,PLCG1,PPP3C

A,RPL18A,RPL26,FSCN1,SRC,STAT6,TPM3,EZR,PAB

PC1,EIF2A,CCDC124 

ribonucleopr

otein 

complex 

biogenesis 

1.66E-08 CLNS1A,EIF2S3,NCBP1,PA2G4,RPL6,RPL26,RPL38,R

PLP0,RPS8,RPS15,RPS16,RPS23,RPS24,SNRPB2,SNRP

E,RUVBL1,POP7,RPP40,NUDT21,PES1,EIF2A,EXOSC

6,SRFBP1,GARS1,HARS1,SRSF3,LCMT2,TDRKH,QRS

L1,IARS2,CARS2,TRUB1 

 

regulation of 

translation 

 

8.59E-08 

EIF4G1,EIF4G2,EIF5A,GSPT1,HNRNPU,ILF3,NCBP1,N

CL,PA2G4,UPF1,RPL26,RPL38,BZW1,LRPPRC,SYNCR

IP,IGF2BP3,IGF2BP2,CNOT1,LARP4B,CYFIP1,PABPC

1,ZNF706,EIF2A,CLNS1A,SRSF3,PABPC4,AHCYL1,N

UDT21,TRA2A,RBM25,CAPN1,RHEB,IKBKG,SEC22B,

FBXO7,UBQLN1,EXOC1,SLIRP,PCSK9,SNRPB2,SNRP

E,DDX41,RPL23 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

 

CLEC7A 

(Dectin-1) 

signaling 

 

4.49E-07 

PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD

3,RPS27A,SRC,IKBKG,AHCYL1,EIF4G1,PABPC1,CRE

B1,CRK,EIF4G2,GBP2,IL1A,ITGB1,MSN,OAS3,PLCG1

,RPLP0,FSCN1,STAT6,HSP90B1,OASL,NUP58,EXOSC

6,AP2M1,CLTC,SCRIB,FEN1,NCBP1,POLR2H,PDCD6I

P,AP1M2,G6PD,PGD,BAK1,PLEC,STK24,BCAP31,PRK

AR2A,KIF3A,ADCY10,CDK6,POLE,PPP2R2A,SEC22B,

LRPPRC,PRDX3,TXN2,HSPA5,UBE3A,FBXO7,ERAP1,

ADAM10,PEBP1,TPM3,RHEB,MBD3,RUVBL1,EIF2S3,

ATP5F1D,NDUFS3,SRSF3,MATR3,UBQLN1,LAMC1,T

GM2,GUSB,RAD23A,RAD23B,MAEA,PCSK9,NUDC,C

APN1,SMC4,RGL2,DCAF8,AKAP1,GLRX3,LSR,SLC44

A2 

actin 

filament 

organizatio

n 

2.76E-06 ALDOA,DIAPH1,MYO5A,MYO6,PLEC,FSCN1,SRC,TP

M3,HSP90B1,EZR,TAGLN2,CORO1C,CORO1B,INF2,C

ORO7,CRK,ITGB1,ARHGEF10,PDCD6IP,MYL6,CYFIP

1 

mRNA 

metabolic 

process 

3.12E-06 CLNS1A,CREB1,GSPT1,HNRNPU,NCBP1,UPF1,SRSF3

,SNRPB2,SNRPE,PRPF4,SYNCRIP,AHCYL1,NUDT21,

CNOT1,PABPC1,GPKOW,TRA2A,DDX41,RBM28,RB

M25,THOC3,EXOSC6,TRUB1,IGF2BP3,POLR2H,NUP5

8,CHERP,NCL,AHNAK 

Protein 

processing 

in 

endoplasmi

c reticulum 

8.79E-06 BAK1,CAPN1,HSPA5,LMAN1,RAD23A,RAD23B,HSP9

0B1,BAG2,PREB,BCAP31,HSPBP1,UBQLN1,MSN,PSM

C1,SUMO2,EZR,SEC22B,PCSK9,PSMD3,UBE3A,RPL2

3,UPF1,IKBKG,CNOT1,FBXO7,PABPC1,SERPINC1,M

MP14,PEBP1,PSMB8,SRC 

RHO 

GTPase 

cycle 

1.74E-05 ALDH3A2,CCT6A,CLTC,DIAPH1,NIPSNAP2,ITGB1,L

MAN1,MYO6,NDUFS3,SRC,TPM3,ARHGAP29,ARHG

EF10,BCAP31,NUDC,CYFIP1,SCRIB,LRRC1,MYL6,TA

X1BP3 

Fragile X 

syndrome 

2.52E-05 ALDH3A2,AP2M1,CLTC,CREB1,EIF4G1,PLCG1,PPP3

CA,RHEB,SRC,CYFIP1,PRKAR2A,AHCYL1,AAMP,A

DAM10,RPS27A,CRK,STAT6,DIAPH1,IL1A,IKBKG,IL

F2,BAK1,APOBEC3B,AP1M2,PEBP1,EZR,CAPN1,HSP

A5,HSP90B1 

mRNA 

transport 

3.34E-05 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUTF2,I

GF2BP3,IGF2BP2,THOC3,HNRNPU,PPP3CA,RPS15,RP

L23,AHCYL1,SNRPE,NUDT21,SUMO2 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

nucleobase-

containing 

small 

molecule 

metabolic 

process 

6.21E-05 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,DTYMK

,G6PD,GARS1,GMDS,HPRT1,MDH2,NDUFS3,PGD,AP

OBEC3B,RAB23,CMPK1,ADCY10,FAR1,HEXB,SORD,

HDHD5,SLC44A2,LCMT2 

positive 

regulation 

of organelle 

organization 

7.31E-05 BAK1,CCT6A,FEN1,IL1A,LMAN1,MSN,FSCN1,SRC,R

UVBL1,MACROH2A1,ARHGEF10,G3BP2,PDCD6IP,S

MC4,TRIM28,CNOT1,CYFIP1,FBXO7,HNRNPU,EZR,S

EC22B,SCRIB,CRK,ITGB1,CORO7,EIF4G1,GBP2,HSP

A5,PREB,SEPTIN8 

protein 

folding 

7.74E-05 CCT6A,GAK,HSPA5,LMAN1,PFDN4,PPIB,HSP90B1,B

AG2,NUDC,FKBP9,MESD,HSPBP1 

negative 

regulation 

of 

transferase 

activity 

9.09E-05 HNRNPU,PLEC,PRKAR2A,SRC,GPRC5A,RPL23,BAG2

,MACROH2A1,PRDX3,CORO1C,FBXO7,SMYD3,CEP8

5,BAK1,EIF4G1,G6PD,RPS15,UBR5,OXR1,SERPINC1,

PEBP1 

Signaling 

by Receptor 

Tyrosine 

Kinases 

1.02E-04 AAMP,ADAM10,AP2M1,CLTC,CREB1,CRK,DIAPH1,I

TGA3,ITGB1,LAMC1,NCBP1,PLCG1,POLR2H,RPS27A

,SRC,STAT6,AHCYL1,CYFIP1,NCL,MMP14,CAPN1,IK

BKG,SEPTIN8,LMAN1,TACSTD2,TGM2,UBQLN1,EZ

R,HSPA5,IL1A,PPP3CA,RGL2,ARHGAP29,ARHGEF10,

MSN,PLEC,PPIB,PRKAR2A,GPRC5A,PCSK9 

Carbon 

metabolism 

1.03E-04 ACAT1,ALDOA,ALDOC,CS,DLST,G6PD,GCSH,MDH2

,PGD,ATP5F1D,FDXR,NIPSNAP2,NDUFS3,PLEC,ASN

S,OAT,LRPPRC 

response to 

inorganic 

substance 

1.32E-04 ATP5F1D,BAK1,CREB1,CRK,G6PD,HSPA5,IL1A,LTA

4H,PLEC,PPP3CA,SORD,SRC,STAT6,UBE3A,STK24,A

HCYL1,PRDX3,ADCY10,PPP2R2A,TGM2,HSP90B1 

Human 

papillomavi

rus 

infection 

1.43E-04 BAK1,CDK6,CREB1,ITGA3,ITGB1,LAMC1,PPP2R2A,P

SMC1,RHEB,UBE3A,IKBKG,OASL,BCAP31,SCRIB,C

KS2,SRC,CRK,PLCG1,STAT6,TPM3,HSP90B1,CCDC6,

DSC3,EIF4G1,MMP14,BAG2,TGM2,INF2,LSR,IL1A 

DGCR8 

multiprotein 

complex 

 

2.23E-04 HNRNPU,HSPA5,ILF3,NCL,MATR3,UBR5 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

Metabolism of 

RNA 

6.20E-29 CLNS1A,EIF4G1,GSPT1,HNRNPU,NCBP1,NCL,PO

LR2H,PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PS

MC1,PSMD3,UPF1,RPL3,RPL6,RPL18A,RPL24,RP

L26,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS

23,RPS24,RPS27A,SRSF3,SNRPB2,SNRPE,PRPF4,

RPL23,APOBEC3B,NUP58,LCMT2,POP7,CHERP,I

GF2BP3,IGF2BP2,RPP40,NUDT21,CNOT1,PES1,P

ABPC1,GPKOW,DDX41,RBM28,RBM25,THOC3,E

XOSC6 

Regulation of 

expression of 

SLITs and 

ROBOs 

1.07E-19 EIF4G1,GSPT1,NCBP1,PSMA4,PSMB5,PSMB7,PS

MB8,PSMC1,PSMD3,RPL3,RPL6,RPL18A,RPL24,R

PL26,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RP

S23,RPS24,RPS27A,RPL23,PABPC1 

Signaling by 

ROBO receptors 

1.07E-19 EIF4G1,GSPT1,NCBP1,PRKAR2A,PSMA4,PSMB5,

PSMB7,PSMB8,PSMC1,PSMD3,RPL3,RPL6,RPL18

A,RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15

,RPS16,RPS23,RPS24,RPS27A,SRC,RPL23,PABPC

1 

Axon guidance 7.80E-19 ADAM10,AP2M1,CLTC,CREB1,EIF4G1,GSPT1,IT

GB1,LAMC1,MSN,MYL6,NCBP1,PLCG1,PRKAR2

A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,

RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

SRC,EZR,RPL23,PABPC1 

Nonsense 

Mediated Decay 

(NMD) 

independent of 

the Exon Junction 

Complex (EJC) 

7.80E-19 EIF4G1,GSPT1,NCBP1,UPF1,RPL3,RPL6,RPL18A,

RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15,R

PS16,RPS23,RPS24,RPS27A,RPL23,PABPC1 

Nonsense-

Mediated Decay 

(NMD) 

1.12E-18 EIF4G1,GSPT1,NCBP1,PPP2R2A,UPF1,RPL3,RPL6

,RPL18A,RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8

,RPS15,RPS16,RPS23,RPS24,RPS27A,RPL23,PABP

C1 

Nonsense 

Mediated Decay 

(NMD) enhanced 

by the Exon 

Junction 

Complex (EJC) 

1.12E-18 EIF4G1,GSPT1,NCBP1,PPP2R2A,UPF1,RPL3,RPL6

,RPL18A,RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8

,RPS15,RPS16,RPS23,RPS24,RPS27A,RPL23,PABP

C1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

Nervous system 

development 

2.15E-18 ADAM10,AP2M1,CLTC,CREB1,EIF4G1,GSPT1,IT

GB1,LAMC1,MSN,MYL6,NCBP1,PLCG1,PRKAR2

A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,

RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

SRC,EZR,RPL23,PABPC1 

peptide metabolic 

process 

3.38E-18 ADAM10,EIF2S3,EIF4G1,EIF4G2,EIF5A,GARS1,G

SPT1,HARS1,LTA4H,NCBP1,RPL3,RPL6,RPL18A,

RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15,R

PS16,RPS23,RPS24,RPS27A,PABPC4,RPL23,LANC

L1,IGF2BP3,MRPL2,ERAP1,QRSL1,IARS2,CARS2,

EIF2A,MRPL53 

translation 7.85E-18 EIF2S3,EIF4G1,EIF4G2,EIF5A,GARS1,GSPT1,HAR

S1,NCBP1,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL

32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24

,RPS27A,PABPC4,RPL23,IGF2BP3,MRPL2,QRSL1,

IARS2,CARS2,EIF2A,MRPL53 

amide metabolic 

process 

2.85E-17 ACAT1,ADAM10,ASNS,DLST,EIF2S3,EIF4G1,EIF

4G2,EIF5A,GARS1,GSPT1,HARS1,HEXB,LTA4H,

NCBP1,OAT,RPL3,RPL6,RPL18A,RPL24,RPL26,R

PL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RP

S24,RPS27A,PABPC4,RPL23,LANCL1,IGF2BP3,M

RPL2,ERAP1,QRSL1,IARS2,CARS2,EIF2A,FAR1,

MRPL53 

peptide 

biosynthetic 

process 

5.01E-17 EIF2S3,EIF4G1,EIF4G2,EIF5A,GARS1,GSPT1,HAR

S1,NCBP1,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL

32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24

,RPS27A,PABPC4,RPL23,IGF2BP3,MRPL2,QRSL1,

IARS2,CARS2,EIF2A,MRPL53 

Nop56p-

associated pre-

rRNA complex 

5.01E-17 HNRNPU,ILF2,ILF3,NCL,RPL3,RPL6,RPL18A,RPL

24,RPL26,RPL32,RPLP0,RPS8,RPS15,RPS16,RPS23

,RPS24,H1-10,RPL23,RBM28 

amide 

biosynthetic 

process 

1.07E-15 ACAT1,ASNS,EIF2S3,EIF4G1,EIF4G2,EIF5A,GAR

S1,GSPT1,HARS1,NCBP1,RPL3,RPL6,RPL18A,RP

L24,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS

16,RPS23,RPS24,RPS27A,PABPC4,RPL23,IGF2BP3

,MRPL2,QRSL1,IARS2,CARS2,EIF2A,MRPL53 

Metabolism of 

amino acids and 

derivatives 

2.86E-15 ACAT1,ASNS,DLST,GCSH,OAT,PSMA4,PSMB5,P

SMB7,PSMB8,PSMC1,PSMD3,RPL3,RPL6,RPL18A

,RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15,R

PS16,RPS23,RPS24,RPS27A,RPL23,ETHE1,TXN2 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

Cellular 

responses to 

stress 

4.33E-15 ASNS,CDK6,CREB1,EIF2S3,G6PD,HSPA5,IL1A,P

GD,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD

3,RHEB,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,

RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,R

PS27A,HSP90B1,RPL23,BAG2,NUP58,PREB,LRPP

RC,PRDX3,TXN2,EXOSC6 

L13a-mediated 

translational 

silencing of 

Ceruloplasmin 

expression 

4.33E-15 EIF2S3,EIF4G1,RPL3,RPL6,RPL18A,RPL24,RPL26,

RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,R

PS24,RPS27A,RPL23,PABPC1 

Translation 6.39E-15 EIF2S3,EIF4G1,GARS1,GSPT1,HARS1,RPL3,RPL6

,RPL18A,RPL24,RPL26,RPL32,RPL38,RPLP0,RPS8

,RPS15,RPS16,RPS23,RPS24,RPS27A,RPL23,PABP

C1,MRPL2,IARS2,CARS2,MRPL53 

Viral Infection 

Pathways 

1.11E-14 AP2M1,CLTC,CREB1,FEN1,ITGB1,NCBP1,POLR2

H,PPIB,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RP

L38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS2

7A,SNRPE,IKBKG,RPL23,NUP58,G3BP2,PDCD6IP

,AP1M2,TRIM28,MBD3 

Eukaryotic 

Translation 

Initiation 

1.27E-14 EIF2S3,EIF4G1,RPL3,RPL6,RPL18A,RPL24,RPL26,

RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,R

PS24,RPS27A,RPL23,PABPC1 

Cap-dependent 

Translation 

Initiation 

1.27E-14 EIF2S3,EIF4G1,RPL3,RPL6,RPL18A,RPL24,RPL26,

RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,R

PS24,RPS27A,RPL23,PABPC1 

Response of 

EIF2AK4 

(GCN2) to amino 

acid deficiency 

1.54E-14 ASNS,EIF2S3,RPL3,RPL6,RPL18A,RPL24,RPL26,R

PL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RP

S24,RPS27A,RPL23 

cytoplasmic 

translation 

1.82E-14 EIF2S3,EIF4G1,NCBP1,RPL3,RPL6,RPL18A,RPL24

,RPL26,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,R

PS23,RPS24,RPS27A,RPL23 

GTP hydrolysis 

and joining of the 

60S ribosomal 

subunit 

8.59E-14 EIF2S3,EIF4G1,RPL3,RPL6,RPL18A,RPL24,RPL26,

RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,R

PS24,RPS27A,RPL23 

Eukaryotic 

Translation 

Termination 

8.68E-14 GSPT1,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,

RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,R

PS27A,RPL23 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

Major pathway of 

rRNA processing 

in the nucleolus 

and cytosol 

1.12E-13 NCL,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RP

L38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS2

7A,RPL23,RPP40,PES1,RBM28,EXOSC6 

Ribosome, 

cytoplasmic 

1.62E-13 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

rRNA processing 

in the nucleus and 

cytosol 

2.93E-13 NCL,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RP

L38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS2

7A,RPL23,RPP40,PES1,RBM28,EXOSC6 

Cytoplasmic 

ribosomal 

proteins 

6.79E-13 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

rRNA processing 7.26E-13 NCL,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RP

L38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS2

7A,RPL23,RPP40,PES1,RBM28,EXOSC6 

Peptide chain 

elongation 

8.75E-13 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Viral mRNA 

Translation 

8.75E-13 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Influenza 

Infection 

1.04E-12 CLTC,POLR2H,RPL3,RPL6,RPL18A,RPL24,RPL26

,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,R

PS24,RPS27A,RPL23,NUP58 

Cellular response 

to starvation 

1.04E-12 ASNS,EIF2S3,RHEB,RPL3,RPL6,RPL18A,RPL24,R

PL26,RPL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RP

S23,RPS24,RPS27A,RPL23 

Influenza Viral 

RNA 

Transcription and 

Replication 

1.45E-12 POLR2H,RPL3,RPL6,RPL18A,RPL24,RPL26,RPL3

2,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,

RPS27A,RPL23,NUP58 

Eukaryotic 

Translation 

Elongation 

1.49E-12 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Selenocysteine 

synthesis 

1.49E-12 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Formation of a 

pool of free 40S 

subunits 

5.14E-12 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

SRP-dependent 

cotranslational 

protein targeting 

to membrane 

2.39E-11 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Selenoamino acid 

metabolism 

4.98E-11 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23 

Ribosome 5.45E-10 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,

RPL23,MRPL2 

Coronavirus 

disease - COVID-

19 

7.44E-10 OAS3,PLCG1,RPL3,RPL6,RPL18A,RPL24,RPL26,R

PL32,RPL38,RPLP0,RPS8,RPS15,RPS16,RPS23,RP

S24,RPS27A,IKBKG,RPL23 

60S ribosomal 

subunit, 

cytoplasmic 

9.00E-08 RPL3,RPL6,RPL18A,RPL24,RPL26,RPL32,RPL38,

RPLP0,RPL23 

Translation 

initiation 

complex 

formation 

7.00E-07 EIF2S3,EIF4G1,RPS8,RPS15,RPS16,RPS23,RPS24,

RPS27A,PABPC1 

Activation of the 

mRNA upon 

binding of the 

cap-binding 

complex and 

eIFs, and 

subsequent 

binding to 43S 

8.01E-07 EIF2S3,EIF4G1,RPS8,RPS15,RPS16,RPS23,RPS24,

RPS27A,PABPC1 

Ribosomal 

scanning and start 

codon recognition 

1.13E-05 EIF2S3,EIF4G1,RPS8,RPS15,RPS16,RPS23,RPS24,

RPS27A 

40S ribosomal 

subunit, 

cytoplasmic 

5.07E-05 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 

SARS-CoV-2 

modulates host 

translation 

machinery 

5.61E-05 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,SNRPE 

Formation of the 

ternary complex, 

and subsequently, 

the 43S complex 

5.91E-05 EIF2S3,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

40S ribosomal 

subunit, 

cytoplasmic 

6.48E-05 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 

SARS-CoV-1 

modulates host 

translation 

machinery 

1.08E-04 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 

ribosomal small 

subunit 

biogenesis 

3.81E-04 RPL38,RPS8,RPS15,RPS16,RPS23,RPS24,RPP40,S

RFBP1 

SARS-CoV-2-

host interactions 

9.69E-04 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,SNRPE,

IKBKG,NUP58,G3BP2 

SARS-CoV 

Infections 

1.23E-03 AP2M1,ITGB1,PPIB,RPS8,RPS15,RPS16,RPS23,RP

S24,RPS27A,SNRPE,IKBKG,NUP58,G3BP2,MBD3 

SARS-CoV-1-

host interactions 

1.59E-03 PPIB,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 

SARS-CoV-1 

Infection 

1.22E-02 PPIB,RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A 

SARS-CoV-2 

Infection 

1.37E-02 RPS8,RPS15,RPS16,RPS23,RPS24,RPS27A,SNRPE,

IKBKG,NUP58,G3BP2 

VEGFA-

VEGFR2 

signaling 

2.60E-11 ADAM10,ALDOA,CLTC,CREB1,CRK,EIF4G1,EIF

4G2,ITGB1,LMAN1,MMP14,MYO6,NCL,PGD,PLC

G1,PPP3CA,RPL18A,RPL26,FSCN1,SRC,STAT6,T

PM3,EZR,PABPC1,EIF2A,CCDC124 

ribonucleoprotein 

complex 

biogenesis 

1.66E-08 CLNS1A,EIF2S3,NCBP1,PA2G4,RPL6,RPL26,RPL3

8,RPLP0,RPS8,RPS15,RPS16,RPS23,RPS24,SNRPB

2,SNRPE,RUVBL1,POP7,RPP40,NUDT21,PES1,EIF

2A,EXOSC6,SRFBP1 

ncRNA metabolic 

process 

1.59E-06 GARS1,HARS1,NCBP1,PA2G4,RPL26,RPS8,RPS15

,RPS16,RPS24,SRSF3,LCMT2,POP7,RPP40,TDRK

H,PES1,QRSL1,IARS2,CARS2,EXOSC6,TRUB1,SR

FBP1 

ribosome 

biogenesis 

3.94E-06 PA2G4,RPL6,RPL26,RPL38,RPLP0,RPS8,RPS15,RP

S16,RPS23,RPS24,POP7,RPP40,PES1,EIF2A,EXOS

C6,SRFBP1 

ncRNA 

processing 

1.03E-04 NCBP1,PA2G4,RPL26,RPS8,RPS15,RPS16,RPS24,S

RSF3,LCMT2,POP7,RPP40,TDRKH,PES1,EXOSC6,

TRUB1,SRFBP1 

rRNA processing 3.22E-04 PA2G4,RPL26,RPS8,RPS15,RPS16,RPS24,POP7,RP

P40,PES1,EXOSC6,SRFBP1 

rRNA metabolic 

process 

9.15E-04 PA2G4,RPL26,RPS8,RPS15,RPS16,RPS24,POP7,RP

P40,PES1,EXOSC6,SRFBP1 



 

170 

 

Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

maturation of 

SSU-rRNA 

4.69E-02 RPS8,RPS16,RPP40,SRFBP1 

maturation of 

SSU-rRNA from 

tricistronic rRNA 

transcript (SSU-

rRNA, 5.8S 

rRNA, LSU-

rRNA) 

1.26E-01 RPS8,RPS16,RPP40 

regulation of 

translation 

8.59E-08 EIF4G1,EIF4G2,EIF5A,GSPT1,HNRNPU,ILF3,NCB

P1,NCL,PA2G4,UPF1,RPL26,RPL38,BZW1,LRPPR

C,SYNCRIP,IGF2BP3,IGF2BP2,CNOT1,LARP4B,C

YFIP1,PABPC1,ZNF706,EIF2A 

regulation of 

amide metabolic 

process 

7.00E-07 EIF4G1,EIF4G2,EIF5A,GSPT1,HNRNPU,ILF3,NCB

P1,NCL,PA2G4,UPF1,RPL26,RPL38,BZW1,LRPPR

C,SYNCRIP,IGF2BP3,IGF2BP2,CNOT1,LARP4B,C

YFIP1,PABPC1,ZNF706,EIF2A 

regulation of 

mRNA metabolic 

process 

3.38E-06 CLNS1A,HNRNPU,NCBP1,NCL,UPF1,SRSF3,PAB

PC4,SYNCRIP,IGF2BP3,IGF2BP2,AHCYL1,NUDT

21,CNOT1,LARP4B,PABPC1,TRA2A,RBM25 

CRD-mediated 

mRNA 

stabilization 

6.50E-06 HNRNPU,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1 

regulation of 

cellular catabolic 

process 

9.67E-05 CAPN1,EIF4G1,EIF4G2,HNRNPU,UPF1,RHEB,IKB

KG,PABPC4,SEC22B,LRPPRC,SYNCRIP,IGF2BP3,

IGF2BP2,CNOT1,LARP4B,FBXO7,PABPC1,UBQL

N1,EXOC1,SLIRP,PCSK9 

negative 

regulation of 

RNA catabolic 

process 

8.24E-04 HNRNPU,LRPPRC,SYNCRIP,IGF2BP3,IGF2BP2,P

ABPC1,SLIRP 

negative 

regulation of 

cellular catabolic 

process 

9.69E-04 EIF4G1,EIF4G2,HNRNPU,SEC22B,LRPPRC,SYNC

RIP,IGF2BP3,IGF2BP2,PABPC1,SLIRP 

IGF2BP1 

complex 

3.75E-03 HNRNPU,RPL26,SYNCRIP 

C complex 

spliceosome 

4.24E-03 HNRNPU,SNRPB2,SNRPE,SYNCRIP,PABPC1,DD

X41 

 

 



 

171 

 

Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

regulation of 

nuclear-

transcribed 

mRNA catabolic 

process, 

deadenylation-

dependent decay 

4.75E-03 HNRNPU,SYNCRIP,CNOT1,PABPC1 

regulation of 

mRNA stability 

6.14E-03 HNRNPU,UPF1,PABPC4,SYNCRIP,IGF2BP3,IGF2

BP2,CNOT1,LARP4B,PABPC1 

negative 

regulation of 

nuclear-

transcribed 

mRNA catabolic 

process, 

deadenylation-

dependent decay 

8.07E-03 HNRNPU,SYNCRIP,PABPC1 

regulation of 

RNA stability 

8.51E-03 HNRNPU,UPF1,PABPC4,SYNCRIP,IGF2BP3,IGF2

BP2,CNOT1,LARP4B,PABPC1 

mRNA 

stabilization 

1.02E-02 HNRNPU,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1 

negative 

regulation of 

catabolic process 

1.06E-02 EIF4G1,EIF4G2,HNRNPU,RPL23,SEC22B,LRPPRC

,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1,SLIRP 

regulation of 

mRNA catabolic 

process 

1.06E-02 HNRNPU,UPF1,PABPC4,SYNCRIP,IGF2BP3,IGF2

BP2,CNOT1,LARP4B,PABPC1 

positive 

regulation of 

translation 

1.27E-02 EIF4G1,EIF5A,HNRNPU,RPL26,SYNCRIP,LARP4

B,PABPC1 

positive 

regulation of 

cytoplasmic 

translation 

1.41E-02 HNRNPU,SYNCRIP,PABPC1 

RNA stabilization 1.69E-02 HNRNPU,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1 

negative 

regulation of 

mRNA catabolic 

process 

1.99E-02 HNRNPU,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1 

positive 

regulation of 

amide metabolic 

process 

2.96E-02 EIF4G1,EIF5A,HNRNPU,RPL26,SYNCRIP,LARP4

B,PABPC1 
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negative 

regulation of 

mRNA metabolic 

process 

5.32E-02 HNRNPU,SYNCRIP,IGF2BP3,IGF2BP2,PABPC1 

regulation of 

cytoplasmic 

translation 

8.61E-02 HNRNPU,SYNCRIP,PABPC1 

negative 

regulation of 

translation 

1.09E-01 EIF4G1,ILF3,NCL,UPF1,SYNCRIP,IGF2BP3,IGF2B

P2,CNOT1 

negative 

regulation of 

amide metabolic 

process 

1.68E-01 EIF4G1,ILF3,NCL,UPF1,SYNCRIP,IGF2BP3,IGF2B

P2,CNOT1 

CLEC7A 

(Dectin-1) 

signaling 

4.49E-07 PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,P

SMD3,RPS27A,SRC,IKBKG,AHCYL1 

AUF1 (hnRNP 

D0) binds and 

destabilizes 

mRNA 

4.49E-07 EIF4G1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,PABPC1 

Cytokine 

Signaling in 

Immune system 

1.47E-06 CREB1,CRK,EIF4G1,EIF4G2,GBP2,IL1A,ITGB1,M

SN,OAS3,PLCG1,PSMA4,PSMB5,PSMB7,PSMB8,P

SMC1,PSMD3,RPLP0,RPS27A,FSCN1,SRC,STAT6,

HSP90B1,IKBKG,OASL,NUP58 

Regulation of 

mRNA stability 

by proteins that 

bind AU-rich 

elements 

1.56E-06 EIF4G1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,PABPC1,EXOSC6 

PCP/CE pathway 2.33E-06 AP2M1,CLTC,PSMA4,PSMB5,PSMB7,PSMB8,PSM

C1,PSMD3,RPS27A,SCRIB 

HIV Infection 4.23E-06 AP2M1,FEN1,NCBP1,POLR2H,PSMA4,PSMB5,PS

MB7,PSMB8,PSMC1,PSMD3,RPS27A,NUP58,PDC

D6IP,AP1M2 

Regulation of 

RUNX3 

expression and 

activity 

6.89E-06 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,SRC 

Fc epsilon 

receptor (FCERI) 

signaling 

6.91E-06 PLCG1,PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,P

SMC1,PSMD3,RPS27A,IKBKG,AHCYL1 
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Nuclear events 

mediated by 

NFE2L2 

7.74E-06 G6PD,PGD,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1

,PSMD3,RPS27A 

Downstream 

signaling events 

of B Cell 

Receptor (BCR) 

1.13E-05 PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,P

SMD3,RPS27A,IKBKG 

Programmed Cell 

Death 

1.14E-05 BAK1,IL1A,PLEC,PSMA4,PSMB5,PSMB7,PSMB8,

PSMC1,PSMD3,RPS27A,STK24,PDCD6IP,BCAP31 

C-type lectin 

receptors (CLRs) 

1.14E-05 PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,P

SMD3,RPS27A,SRC,IKBKG,AHCYL1 

Signaling by the 

B Cell Receptor 

(BCR) 

1.22E-05 PPP3CA,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,P

SMD3,RPS27A,IKBKG,AHCYL1 

Hedgehog 'off' 

state 

1.32E-05 PRKAR2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,KIF3A,ADCY10 

Beta-catenin 

independent 

WNT signaling 

1.45E-05 AP2M1,CLTC,PPP3CA,PSMA4,PSMB5,PSMB7,PS

MB8,PSMC1,PSMD3,RPS27A,SCRIB 

Mitotic G1 phase 

and G1/S 

transition 

1.74E-05 CDK6,POLE,PPP2R2A,PSMA4,PSMB5,PSMB7,PS

MB8,PSMC1,PSMD3,RPS27A,SRC 

Asymmetric 

localization of 

PCP proteins 

1.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,SCRIB 

ER-Phagosome 

pathway 

2.04E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG,SEC22B 

Activation of NF-

kappaB in B cells 

2.66E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG 

Cellular response 

to chemical stress 

3.74E-05 G6PD,PGD,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1

,PSMD3,RPS27A,LRPPRC,PRDX3,TXN2 

Host Interactions 

of HIV factors 

4.32E-05 AP2M1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,NUP58,AP1M2 

Adaptive Immune 

System 

4.52E-05 AP2M1,CLTC,HSPA5,ITGB1,PLCG1,PPP3CA,PSM

A4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RPS27

A,SRC,UBE3A,IKBKG,SEC22B,AP1M2,BCAP31,A

HCYL1,KIF3A,FBXO7,ERAP1 

Diseases of signal 

transduction by 

growth factor 

receptors and 

second 

messengers 

4.73E-05 ADAM10,CLTC,CREB1,MSN,NCBP1,PEBP1,PLCG

1,POLR2H,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,SRC,TPM3 
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Regulation of 

activated PAK-

2p34 by 

proteasome 

mediated 

degradation 

5.04E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Vpu mediated 

degradation of 

CD4 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Autodegradation 

of the E3 

ubiquitin ligase 

COP1 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Ubiquitin 

Mediated 

Degradation of 

Phosphorylated 

Cdc25A 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

p53-Independent 

DNA Damage 

Response 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

p53-Independent 

G1/S DNA 

damage 

checkpoint 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Ubiquitin-

dependent 

degradation of 

Cyclin D 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

GSK3B and 

BTRC:CUL1-

mediated-

degradation of 

NFE2L2 

5.91E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Antigen 

processing-Cross 

presentation 

5.98E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG,SEC22B 

Regulation of 

Apoptosis 

6.48E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

KEAP1-NFE2L2 

pathway 

6.70E-05 G6PD,PGD,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1

,PSMD3,RPS27A 
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Vif-mediated 

degradation of 

APOBEC3G 

7.07E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

FBXL7 down-

regulates 

AURKA during 

mitotic entry and 

in early mitosis 

7.07E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Negative 

regulation of 

NOTCH4 

signaling 

7.07E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

SCF-beta-TrCP 

mediated 

degradation of 

Emi1 

7.76E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Degradation of 

AXIN 

7.76E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Apoptosis 7.87E-05 BAK1,PLEC,PSMA4,PSMB5,PSMB7,PSMB8,PSMC

1,PSMD3,RPS27A,STK24,BCAP31 

Intracellular 

signaling by 

second 

messengers 

8.12E-05 CREB1,PLCG1,PRKAR2A,PSMA4,PSMB5,PSMB7,

PSMB8,PSMC1,PSMD3,RHEB,RPS27A,SRC,AHCY

L1,MBD3 

Hh mutants are 

degraded by 

ERAD 

8.58E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

FCERI mediated 

NF-kB activation 

8.79E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG 

Signaling by 

NOTCH4 

8.79E-05 ADAM10,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A 

Degradation of 

DVL 

9.30E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Stabilization of 

p53 

9.30E-05 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Signaling by 

Hedgehog 

1.03E-04 PRKAR2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,KIF3A,ADCY10 

Interleukin-1 

signaling 

1.03E-04 IL1A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSM

D3,RPS27A,IKBKG 

Hedgehog 'on' 

state 

1.07E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,KIF3A 
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Signaling by 

Interleukins 

1.08E-04 CREB1,CRK,IL1A,ITGB1,MSN,PSMA4,PSMB5,PS

MB7,PSMB8,PSMC1,PSMD3,RPLP0,RPS27A,FSC

N1,STAT6,HSP90B1,IKBKG 

Hh mutants 

abrogate ligand 

secretion 

1.08E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

NIK--

>noncanonical 

NF-kB signaling 

1.08E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

SCF(Skp2)-

mediated 

degradation of 

p27/p21 

1.17E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Dectin-1 

mediated 

noncanonical NF-

kB signaling 

1.17E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Degradation of 

GLI1 by the 

proteasome 

1.17E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Degradation of 

GLI2 by the 

proteasome 

1.17E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

GLI3 is 

processed to 

GLI3R by the 

proteasome 

1.17E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Defective CFTR 

causes cystic 

fibrosis 

1.28E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

TCR signaling 1.32E-04 PLCG1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,IKBKG 

Synthesis of 

DNA 

1.38E-04 FEN1,POLE,PSMA4,PSMB5,PSMB7,PSMB8,PSMC

1,PSMD3,RPS27A 

Autodegradation 

of Cdh1 by 

Cdh1:APC/C 

1.69E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Hedgehog ligand 

biogenesis 

1.86E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 
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Oxygen-

dependent proline 

hydroxylation of 

Hypoxia-

inducible Factor 

Alpha 

2.03E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

p53-Dependent 

G1 DNA Damage 

Response 

2.03E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

p53-Dependent 

G1/S DNA 

damage 

checkpoint 

2.03E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Transcriptional 

regulation by 

RUNX3 

2.25E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,SRC 

APC/C:Cdc20 

mediated 

degradation of 

Securin 

2.39E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Regulation of 

RAS by GAPs 

2.39E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

G1/S DNA 

Damage 

Checkpoints 

2.39E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Downstream 

TCR signaling 

2.55E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG 

Regulation of 

PTEN stability 

and activity 

2.61E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Orc1 removal 

from chromatin 

3.12E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Proteasome 3.15E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3 

UCH proteinases 3.28E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,RUVBL1 

ABC-family 

proteins mediated 

transport 

3.49E-04 EIF2S3,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A 

Cdc20:Phospho-

APC/C mediated 

degradation of 

Cyclin A 

3.57E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 
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CDK-mediated 

phosphorylation 

and removal of 

Cdc6 

3.57E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Regulation of 

RUNX2 

expression and 

activity 

3.57E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Amyotrophic 

lateral sclerosis 

3.65E-04 ATP5F1D,HSPA5,NCBP1,NDUFS3,PPP3CA,PSMA

4,PSMB5,PSMB7,PSMC1,PSMD3,SRSF3,MATR3,N

UP58,UBQLN1 

APC/C:Cdh1 

mediated 

degradation of 

Cdc20 and other 

APC/C:Cdh1 

targeted proteins 

in late 

mitosis/early G1 

3.80E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

APC:Cdc20 

mediated 

degradation of 

cell cycle 

proteins prior to 

satisfation of the 

cell cycle 

checkpoint 

3.80E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

PTEN Regulation 3.80E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,R

HEB,RPS27A,MBD3 

Cellular response 

to hypoxia 

4.09E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Cross-

presentation of 

soluble 

exogenous 

antigens 

(endosomes) 

4.20E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3 

APC/C:Cdc20 

mediated 

degradation of 

mitotic proteins 

4.40E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Prion disease 4.55E-04 ATP5F1D,CREB1,HSPA5,IL1A,LAMC1,NDUFS3,P

PP3CA,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3 
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Activation of 

APC/C and 

APC/C:Cdc20 

mediated 

degradation of 

mitotic proteins 

4.63E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

The role of 

GTSE1 in G2/M 

progression after 

G2 checkpoint 

4.63E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

ABC transporter 

disorders 

4.98E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Regulation of 

ornithine 

decarboxylase 

(ODC) 

4.98E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3 

Class I MHC 

mediated antigen 

processing & 

presentation 

5.50E-04 HSPA5,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,UBE3A,IKBKG,SEC22B,BCAP31,FB

XO7,ERAP1 

Regulation of 

APC/C activators 

between G1/S 

and early 

anaphase 

6.25E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Interleukin-1 

family signaling 

6.99E-04 IL1A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSM

D3,RPS27A,IKBKG 

Degradation of 

beta-catenin by 

the destruction 

complex 

7.10E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Cyclin E 

associated events 

during G1/S 

transition 

7.10E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Cyclin A:Cdk2-

associated events 

at S phase entry 

8.24E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Transcriptional 

regulation by 

RUNX2 

9.29E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,SRC 

 



 

180 

 

Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

APC/C-mediated 

degradation of 

cell cycle 

proteins 

9.99E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Regulation of 

mitotic cell cycle 

9.99E-04 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Metabolism of 

polyamines 

1.06E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3 

MAPK6/MAPK4 

signaling 

1.07E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

S Phase 1.07E-03 FEN1,POLE,PSMA4,PSMB5,PSMB7,PSMB8,PSMC

1,PSMD3,RPS27A 

Huntington 

disease 

1.22E-03 ATP5F1D,AP2M1,CLTC,CREB1,NDUFS3,POLR2H

,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,TGM2 

PA700-20S-

PA28 complex 

1.22E-03 PSMA4,PSMB5,PSMB7,PSMC1,PSMD3 

Switching of 

origins to a post-

replicative state 

1.28E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Proteasome 

degradation 

1.33E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3 

G1/S Transition 1.49E-03 POLE,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSM

D3,RPS27A 

Parkinson disease 1.59E-03 ATP5F1D,HSPA5,NDUFS3,PLCG1,PSMA4,PSMB5,

PSMB7,PSMC1,PSMD3,RPS27A,TXN2 

PIP3 activates 

AKT signaling 

1.64E-03 CREB1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RHEB,RPS27A,SRC,MBD3 

TNFR2 non-

canonical NF-kB 

pathway 

2.24E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Signaling by 

WNT 

2.31E-03 AP2M1,CLTC,PPP3CA,PSMA4,PSMB5,PSMB7,PS

MB8,PSMC1,PSMD3,RPS27A,RUVBL1,SCRIB 

protein catabolic 

process 

2.53E-03 ADAM10,GUSB,HSPA5,PSMA4,PSMB5,PSMB7,PS

MB8,PSMC1,PSMD3,RAD23A,RAD23B,RPS27A,H

SP90B1,UBE3A,PDCD6IP,MAEA,FBXO7,UBQLN1

,PCSK9 

DNA Replication 2.64E-03 FEN1,POLE,PSMA4,PSMB5,PSMB7,PSMB8,PSMC

1,PSMD3,RPS27A 

26S proteasome 2.66E-03 PSMA4,PSMB5,PSMB7,PSMC1 

Mitotic Anaphase 2.82E-03 PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,NUP58,NUDC 
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Mitotic 

Metaphase and 

Anaphase 

2.91E-03 PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,NUP58,NUDC 

proteasome-

mediated 

ubiquitin-

dependent protein 

catabolic process 

2.91E-03 HSPA5,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,RA

D23A,RAD23B,HSP90B1,MAEA,FBXO7,UBQLN1 

Deubiquitination 3.83E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,R

AD23A,RAD23B,RPS27A,IKBKG,RUVBL1 

Pathways of 

neurodegeneratio

n - multiple 

diseases 

4.36E-03 ATP5F1D,BAK1,CAPN1,HSPA5,IL1A,NDUFS3,PL

CG1,PPP3CA,PSMA4,PSMB5,PSMB7,PSMC1,PSM

D3,RPS27A 

DNA Replication 

Pre-Initiation 

4.76E-03 POLE,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSM

D3,RPS27A 

proteasomal 

protein catabolic 

process 

5.89E-03 HSPA5,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,RA

D23A,RAD23B,HSP90B1,MAEA,FBXO7,UBQLN1 

Cell Cycle 6.14E-03 CDK6,FEN1,POLE,POLR2H,PPP2R2A,PSMA4,PS

MB5,PSMB7,PSMB8,PSMC1,PSMD3,RPS27A,SRC,

RUVBL1,NUP58,SMC4,NUDC 

Cell Cycle, 

Mitotic 

6.33E-03 CDK6,FEN1,POLE,PPP2R2A,PSMA4,PSMB5,PSM

B7,PSMB8,PSMC1,PSMD3,RPS27A,SRC,NUP58,S

MC4,NUDC 

Ub-specific 

processing 

proteases 

7.50E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,IKBKG,RUVBL1 

Alzheimer 

disease 

7.50E-03 ADAM10,ATP5F1D,CAPN1,IL1A,NDUFS3,PPP3C

A,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,IKBKG 

RUNX1 regulates 

transcription of 

genes involved in 

differentiation of 

HSCs 

7.65E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Disorders of 

transmembrane 

transporters 

8.44E-03 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,NUP58 

proteolysis 

involved in 

protein catabolic 

process 

8.86E-03 HSPA5,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RAD23A,RAD23B,RPS27A,HSP90B1,UBE3A,

PDCD6IP,MAEA,FBXO7,UBQLN1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

RAF/MAP kinase 

cascade 

9.00E-03 PEBP1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RGL2,RPS27A,SRC 

MAPK1/MAPK3 

signaling 

1.03E-02 PEBP1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RGL2,RPS27A,SRC 

Signaling by 

NOTCH 

1.09E-02 ADAM10,CREB1,PSMA4,PSMB5,PSMB7,PSMB8,P

SMC1,PSMD3,RPS27A 

Transcriptional 

regulation by 

RUNX1 

1.15E-02 CDK6,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RPS27A,SRC 

20S proteasome 1.18E-02 PSMA4,PSMB5,PSMB7 

Assembly of the 

pre-replicative 

complex 

1.22E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

Separation of 

Sister Chromatids 

1.31E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,NUDC 

Neddylation 1.40E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,FBXO7,DCAF8 

PA28gamma-20S 

proteasome 

1.41E-02 PSMA4,PSMB5,PSMB7 

G2/M Transition 1.49E-02 PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A 

Mitotic G2-G2/M 

phases 

1.57E-02 PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A 

PA28-20S 

proteasome 

1.65E-02 PSMA4,PSMB5,PSMB7 

Alzheimer's 

disease 

2.13E-02 ADAM10,CAPN1,IL1A,PPP3CA,PSMA4,PSMB5,PS

MB7,PSMC1,PSMD3 

MAPK family 

signaling 

cascades 

2.31E-02 PEBP1,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PS

MD3,RGL2,RPS27A,SRC 

Transport of 

small molecules 

2.39E-02 AP2M1,CLTC,EIF2S3,PRKAR2A,PSMA4,PSMB5,P

SMB7,PSMB8,PSMC1,PSMD3,RPS27A,AKAP1,GL

RX3,LSR,SLC44A2,PCSK9 

modification-

dependent protein 

catabolic process 

2.41E-02 HSPA5,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,RA

D23A,RAD23B,RPS27A,HSP90B1,UBE3A,MAEA,F

BXO7,UBQLN1 

G2/M 

Checkpoints 

2.64E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A 

modification-

dependent 

macromolecule 

catabolic process 

2.81E-02 HSPA5,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,RA

D23A,RAD23B,RPS27A,HSP90B1,UBE3A,MAEA,F

BXO7,UBQLN1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

TCF dependent 

signaling in 

response to WNT 

3.62E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,RUVBL1 

M Phase 3.83E-02 PPP2R2A,PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,

PSMD3,RPS27A,NUP58,SMC4,NUDC 

Antigen 

processing: 

Ubiquitination & 

Proteasome 

degradation 

5.23E-02 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,UBE3A,FBXO7 

ubiquitin-

dependent protein 

catabolic process 

5.23E-02 HSPA5,PSMA4,PSMB5,PSMB7,PSMC1,PSMD3,RA

D23A,RAD23B,HSP90B1,UBE3A,MAEA,FBXO7,U

BQLN1 

Alzheimer's 

disease and 

miRNA effects 

7.29E-02 ADAM10,CAPN1,IL1A,PPP3CA,PSMA4,PSMB5,PS

MB7,PSMC1,PSMD3 

Cell Cycle 

Checkpoints 

1.14E-01 PSMA4,PSMB5,PSMB7,PSMB8,PSMC1,PSMD3,RP

S27A,NUDC 

Spinocerebellar 

ataxia 

2.06E-01 PSMA4,PSMB5,PSMB7,PSMC1,PSMD3 

actin filament 

organization 

2.76E-06 ALDOA,DIAPH1,MYO5A,MYO6,PLEC,FSCN1,SR

C,TPM3,HSP90B1,EZR,TAGLN2,CORO1C,CORO1

B,INF2,CORO7 

actin cytoskeleton 

organization 

4.42E-05 ALDOA,CRK,DIAPH1,ITGB1,MYO5A,MYO6,PLE

C,FSCN1,SRC,TPM3,HSP90B1,EZR,TAGLN2,ARH

GEF10,PDCD6IP,CORO1C,CORO1B,INF2,CORO7 

actin filament-

based process 

4.94E-05 ALDOA,CRK,DIAPH1,ITGB1,MYL6,MYO5A,MY

O6,PLEC,FSCN1,SRC,TPM3,HSP90B1,EZR,TAGL

N2,ARHGEF10,PDCD6IP,CORO1C,CORO1B,INF2,

CORO7 

positive 

regulation of 

lamellipodium 

organization 

1.35E-03 FSCN1,SRC,CYFIP1,CORO1C,CORO1B 

positive 

regulation of 

lamellipodium 

morphogenesis 

1.82E-03 SRC,CORO1C,CORO1B 

supramolecular 

fiber organization 

2.47E-03 ALDOA,DIAPH1,ITGB1,MYO5A,MYO6,PLEC,FS

CN1,SRC,TPM3,HSP90B1,EZR,TAGLN2,CORO1C,

CORO1B,INF2,CORO7 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

regulation of 

lamellipodium 

organization 

6.44E-03 FSCN1,SRC,CYFIP1,CORO1C,CORO1B 

regulation of 

lamellipodium 

morphogenesis 

6.47E-03 SRC,CORO1C,CORO1B 

actin filament 

bundle assembly 

7.90E-03 FSCN1,SRC,HSP90B1,EZR,CORO1B 

actin filament 

bundle 

organization 

1.02E-02 FSCN1,SRC,HSP90B1,EZR,CORO1B 

mRNA metabolic 

process 

3.12E-06 CLNS1A,CREB1,GSPT1,HNRNPU,NCBP1,UPF1,S

RSF3,SNRPB2,SNRPE,PRPF4,SYNCRIP,AHCYL1,

NUDT21,CNOT1,PABPC1,GPKOW,TRA2A,DDX4

1,RBM28,RBM25,THOC3,EXOSC6,TRUB1 

Spliceosome 1.12E-05 NCBP1,SRSF3,SNRPB2,SNRPE,PRPF4,IGF2BP3,N

UDT21,PABPC1,DDX41,RBM25,THOC3 

Processing of 

Capped Intron-

Containing Pre-

mRNA 

4.24E-05 HNRNPU,NCBP1,POLR2H,SRSF3,SNRPB2,SNRPE

,PRPF4,NUP58,CHERP,NUDT21,GPKOW,DDX41,

RBM25,THOC3 

mRNA 

processing 

5.07E-05 CLNS1A,HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE

,PRPF4,SYNCRIP,AHCYL1,NUDT21,PABPC1,GPK

OW,TRA2A,DDX41,RBM28,RBM25,THOC3,TRUB

1 

Spliceosome 1.35E-04 HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE,PRPF4,C

HERP,TRA2A,RBM25,THOC3 

mRNA Splicing - 

Major Pathway 

2.28E-04 HNRNPU,NCBP1,POLR2H,SRSF3,SNRPB2,SNRPE

,PRPF4,CHERP,GPKOW,DDX41,RBM25 

RNA splicing 2.93E-04 CLNS1A,HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE

,PRPF4,SYNCRIP,PABPC1,GPKOW,TRA2A,DDX4

1,RBM28,RBM25,THOC3 

mRNA Splicing 3.12E-04 HNRNPU,NCBP1,POLR2H,SRSF3,SNRPB2,SNRPE

,PRPF4,CHERP,GPKOW,DDX41,RBM25 

regulation of 

mRNA 

processing 

3.65E-04 CLNS1A,HNRNPU,NCBP1,NCL,SRSF3,AHCYL1,

NUDT21,TRA2A,RBM25 

RNA splicing, via 

transesterification 

reactions with 

bulged adenosine 

as nucleophile 

4.46E-04 CLNS1A,HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE

,PRPF4,SYNCRIP,PABPC1,GPKOW,TRA2A,DDX4

1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

mRNA splicing, 

via spliceosome 

4.46E-04 CLNS1A,HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE

,PRPF4,SYNCRIP,PABPC1,GPKOW,TRA2A,DDX4

1 

RNA splicing, via 

transesterification 

reactions 

4.98E-04 CLNS1A,HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE

,PRPF4,SYNCRIP,PABPC1,GPKOW,TRA2A,DDX4

1 

positive 

regulation of 

mRNA 

processing 

2.09E-03 CLNS1A,NCBP1,NCL,NUDT21,TRA2A 

regulation of 

mRNA splicing, 

via spliceosome 

3.02E-03 CLNS1A,HNRNPU,NCBP1,NCL,SRSF3,TRA2A,RB

M25 

mRNA 

processing 

6.86E-03 HNRNPU,NCBP1,SRSF3,SNRPB2,SNRPE,PRPF4,N

UDT21 

positive 

regulation of 

mRNA metabolic 

process 

8.93E-03 CLNS1A,NCBP1,NCL,UPF1,NUDT21,CNOT1,PAB

PC1,TRA2A 

positive 

regulation of 

mRNA splicing, 

via spliceosome 

9.21E-03 CLNS1A,NCBP1,NCL,TRA2A 

regulation of 

RNA splicing 

1.03E-02 CLNS1A,HNRNPU,NCBP1,NCL,SRSF3,TRA2A,RB

M25,AHNAK 

positive 

regulation of 

RNA splicing 

2.83E-02 CLNS1A,NCBP1,NCL,TRA2A 

Protein 

processing in 

endoplasmic 

reticulum 

8.79E-06 BAK1,CAPN1,HSPA5,LMAN1,RAD23A,RAD23B,

HSP90B1,BAG2,PREB,BCAP31,HSPBP1,UBQLN1 

positive 

regulation of 

protein catabolic 

process 

2.77E-04 MSN,PSMC1,RAD23A,SUMO2,EZR,BAG2,SEC22

B,BCAP31,HSPBP1,UBQLN1,PCSK9 

regulation of 

protein catabolic 

process 

1.37E-03 MSN,PSMC1,PSMD3,RAD23A,RAD23B,SUMO2,E

ZR,BAG2,SEC22B,BCAP31,HSPBP1,UBQLN1,PCS

K9 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

regulation of 

proteolysis 

involved in 

protein catabolic 

process 

2.45E-03 PSMC1,RAD23A,RAD23B,SUMO2,UBE3A,RPL23,

BAG2,BCAP31,HSPBP1,UBQLN1 

positive 

regulation of 

catabolic process 

2.47E-03 MSN,PSMC1,RAD23A,UPF1,SUMO2,EZR,IKBKG,

BAG2,SEC22B,BCAP31,CNOT1,HSPBP1,FBXO7,P

ABPC1,UBQLN1,PCSK9 

positive 

regulation of 

proteasomal 

protein catabolic 

process 

4.85E-03 PSMC1,RAD23A,SUMO2,BAG2,BCAP31,HSPBP1,

UBQLN1 

regulation of 

ubiquitin-

dependent protein 

catabolic process 

7.65E-03 RAD23A,RAD23B,SUMO2,UBE3A,RPL23,BCAP31

,HSPBP1,UBQLN1 

positive 

regulation of 

proteolysis 

involved in 

protein catabolic 

process 

1.03E-02 PSMC1,RAD23A,SUMO2,BAG2,BCAP31,HSPBP1,

UBQLN1 

regulation of 

proteasomal 

protein catabolic 

process 

1.46E-02 PSMC1,RAD23A,RAD23B,SUMO2,BAG2,BCAP31,

HSPBP1,UBQLN1 

regulation of 

proteolysis 

2.16E-02 SERPINC1,BAK1,MMP14,PEBP1,PSMB8,PSMC1,R

AD23A,RAD23B,SUMO2,SRC,UBE3A,RPL23,BAG

2,BCAP31,HSPBP1,UBQLN1 

positive 

regulation of 

proteolysis 

4.57E-02 BAK1,MMP14,PSMC1,RAD23A,SUMO2,SRC,BAG

2,BCAP31,HSPBP1,UBQLN1 

positive 

regulation of 

proteasomal 

ubiquitin-

dependent protein 

catabolic process 

4.84E-02 RAD23A,SUMO2,BCAP31,HSPBP1,UBQLN1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

regulation of 

proteasomal 

ubiquitin-

dependent protein 

catabolic process 

5.18E-02 RAD23A,RAD23B,SUMO2,BCAP31,HSPBP1,UBQ

LN1 

positive 

regulation of 

ubiquitin-

dependent protein 

catabolic process 

8.61E-02 RAD23A,SUMO2,BCAP31,HSPBP1,UBQLN1 

RHO GTPase 

cycle 

1.74E-05 ALDH3A2,CCT6A,CLTC,DIAPH1,NIPSNAP2,ITG

B1,LMAN1,MYO6,NDUFS3,SRC,TPM3,ARHGAP2

9,ARHGEF10,BCAP31,NUDC,CYFIP1,SCRIB,LRR

C1 

Signaling by Rho 

GTPases 

3.42E-04 ALDH3A2,CCT6A,CLTC,DIAPH1,NIPSNAP2,ITG

B1,LMAN1,MYL6,MYO6,NDUFS3,SRC,TPM3,AR

HGAP29,ARHGEF10,BCAP31,NUDC,CYFIP1,SCR

IB,TAX1BP3,LRRC1 

Signaling by Rho 

GTPases, Miro 

GTPases and 

RHOBTB3 

4.40E-04 ALDH3A2,CCT6A,CLTC,DIAPH1,NIPSNAP2,ITG

B1,LMAN1,MYL6,MYO6,NDUFS3,SRC,TPM3,AR

HGAP29,ARHGEF10,BCAP31,NUDC,CYFIP1,SCR

IB,TAX1BP3,LRRC1 

RHOA GTPase 

cycle 

2.25E-01 DIAPH1,LMAN1,ARHGAP29,ARHGEF10,BCAP31 

Fragile X 

syndrome 

2.52E-05 ALDH3A2,AP2M1,CLTC,CREB1,EIF4G1,PLCG1,P

PP3CA,RHEB,SRC,CYFIP1 

FCGR3A-

mediated IL10 

synthesis 

1.88E-03 CREB1,PLCG1,PRKAR2A,SRC,AHCYL1 

Signaling by 

EGFR 

4.75E-03 AAMP,ADAM10,PLCG1,RPS27A,SRC 

Downstream 

signal 

transduction 

6.86E-03 CRK,PLCG1,SRC,STAT6 

Signaling by 

NTRK1 (TRKA) 

2.20E-02 AP2M1,CLTC,CREB1,CRK,PLCG1,SRC 

DAG and IP3 

signaling 

2.32E-02 CREB1,PLCG1,PRKAR2A,AHCYL1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

Anti-

inflammatory 

response 

favouring 

Leishmania 

parasite infection 

2.63E-02 CREB1,PLCG1,PRKAR2A,SRC,AHCYL1 

Leishmania 

parasite growth 

and survival 

2.63E-02 CREB1,PLCG1,PRKAR2A,SRC,AHCYL1 

VEGFR2 

mediated cell 

proliferation 

3.21E-02 PLCG1,SRC,AHCYL1 

Signaling by 

ERBB2 

3.66E-02 DIAPH1,PLCG1,RPS27A,SRC 

Signaling by 

NTRKs 

4.24E-02 AP2M1,CLTC,CREB1,CRK,PLCG1,SRC 

T-cell receptor 

signaling 

pathway 

4.30E-02 CREB1,CRK,IL1A,PLCG1,IKBKG 

B cell receptor 

signaling 

pathway 

5.54E-02 CREB1,CRK,ILF2,PLCG1,IKBKG 

Signaling by 

PDGF 

5.78E-02 CRK,PLCG1,SRC,STAT6 

Follicle 

stimulating 

hormone (FSH) 

signaling 

pathway 

5.86E-02 CREB1,RHEB,SRC 

Human 

immunodeficienc

y virus 1 

infection 

8.07E-02 BAK1,CRK,PLCG1,PPP3CA,IKBKG,APOBEC3B,A

P1M2 

PID AR 

NONGENOMIC 

PATHWAY 

8.09E-02 CREB1,PLCG1,SRC 

EGF/EGFR 

signaling 

pathway 

9.00E-02 AP2M1,CREB1,CRK,PEBP1,PLCG1,SRC 

FCERI mediated 

Ca+2 

mobilization 

9.15E-02 PLCG1,PPP3CA,AHCYL1 
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Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

BDNF-TrkB 

signaling 

9.15E-02 CREB1,PLCG1,RHEB 

Epithelial cell 

signaling in 

Helicobacter 

pylori infection 

9.81E-02 ADAM10,PLCG1,SRC,IKBKG 

PID EPHA 

FWDPATHWAY 

9.81E-02 CRK,PLCG1,SRC 

PID PI3K PLC 

TRK PATHWAY 

1.11E-01 CREB1,PLCG1,SRC 

Leptin signaling 

pathway 

1.24E-01 CREB1,PLCG1,SRC,IKBKG 

Signaling by 

FGFR3 

1.42E-01 PLCG1,RPS27A,SRC 

Signaling by 

FGFR4 

1.49E-01 PLCG1,RPS27A,SRC 

Brain-derived 

neurotrophic 

factor (BDNF) 

signaling 

pathway 

2.11E-01 CREB1,PLCG1,SRC,IKBKG,CYFIP1 

Opioid Signalling 2.13E-01 CREB1,PPP3CA,PRKAR2A,AHCYL1 

Th1 and Th2 cell 

differentiation 

2.13E-01 PLCG1,PPP3CA,STAT6,IKBKG 

Netrin-1 

signaling 

2.34E-01 PLCG1,SRC,EZR 

Signaling by 

FGFR1 

2.34E-01 PLCG1,RPS27A,SRC 

PLC beta 

mediated events 

2.45E-01 CREB1,PRKAR2A,AHCYL1 

PID PTP1B 

PATHWAY 

2.55E-01 CAPN1,CRK,SRC 

Lipid and 

atherosclerosis 

2.62E-01 HSPA5,PLCG1,PPP3CA,SRC,HSP90B1,IKBKG 

mRNA transport 3.34E-05 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUT

F2,IGF2BP3,IGF2BP2,THOC3 

RNA localization 6.21E-05 HNRNPU,NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRP

PRC,NUTF2,IGF2BP3,IGF2BP2,THOC3 

nucleic acid 

transport 

1.25E-04 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUT

F2,IGF2BP3,IGF2BP2,THOC3 

 



 

190 

 

Table 2A.3. Pathway analysis of all proteins found to be present in the co-IP of 

PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

RNA transport 1.25E-04 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUT

F2,IGF2BP3,IGF2BP2,THOC3 

establishment of 

RNA localization 

1.35E-04 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUT

F2,IGF2BP3,IGF2BP2,THOC3 

nucleobase-

containing 

compound 

transport 

1.32E-03 NCBP1,UPF1,SRSF3,NUP58,G3BP2,LRPPRC,NUT

F2,IGF2BP3,IGF2BP2,THOC3 

nucleocytoplasmi

c transport 

3.89E-03 NCBP1,PPP3CA,UPF1,RPS15,SRSF3,RPL23,NUP58

,NUTF2,AHCYL1,THOC3 

nuclear transport 3.89E-03 NCBP1,PPP3CA,UPF1,RPS15,SRSF3,RPL23,NUP58

,NUTF2,AHCYL1,THOC3 

nuclear export 8.53E-03 NCBP1,UPF1,RPS15,SRSF3,NUTF2,AHCYL1,THO

C3 

RNA Polymerase 

II Transcription 

Termination 

1.50E-02 NCBP1,SRSF3,SNRPE,NUDT21,THOC3 

mRNA 3'-end 

processing 

6.02E-02 NCBP1,SRSF3,NUDT21,THOC3 

mRNA export 

from nucleus 

8.09E-02 NCBP1,UPF1,SRSF3,THOC3 

Nucleocytoplasm

ic transport 

8.09E-02 NCBP1,UPF1,SUMO2,NUP58,THOC3 

Transport of 

Mature mRNA 

derived from an 

Intron-Containing 

Transcript 

1.19E-01 NCBP1,SRSF3,NUP58,THOC3 

RNA export from 

nucleus 

1.58E-01 NCBP1,UPF1,SRSF3,THOC3 

Transport of 

Mature Transcript 

to Cytoplasm 

1.64E-01 NCBP1,SRSF3,NUP58,THOC3 

nucleobase-

containing small 

molecule 

metabolic process 

6.21E-05 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,DT

YMK,G6PD,GARS1,GMDS,HPRT1,MDH2,NDUFS

3,PGD,APOBEC3B,RAB23,CMPK1,ADCY10,FAR1 

nucleotide 

metabolic process 

1.18E-04 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,DT

YMK,G6PD,GARS1,HPRT1,MDH2,NDUFS3,PGD,

RAB23,CMPK1,ADCY10,FAR1 

nucleoside 

phosphate 

metabolic process 

1.43E-04 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,DT

YMK,G6PD,GARS1,HPRT1,MDH2,NDUFS3,PGD,

RAB23,CMPK1,ADCY10,FAR1 
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organophosphate 

biosynthetic 

process 

4.55E-04 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,G

6PD,GARS1,HEXB,HPRT1,NDUFS3,SORD,HDHD

5,CMPK1,ADCY10,SLC44A2,FAR1 

ribose phosphate 

biosynthetic 

process 

1.46E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,G6PD,HPR

T1,NDUFS3,CMPK1,ADCY10 

nucleotide 

biosynthetic 

process 

1.48E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,G

ARS1,HPRT1,NDUFS3,CMPK1,ADCY10 

ribose phosphate 

metabolic process 

1.56E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,G6P

D,HPRT1,NDUFS3,RAB23,CMPK1,ADCY10,FAR1 

nucleoside 

phosphate 

biosynthetic 

process 

1.57E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,G

ARS1,HPRT1,NDUFS3,CMPK1,ADCY10 

ribonucleotide 

metabolic process 

4.55E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DLST,HPR

T1,NDUFS3,RAB23,CMPK1,ADCY10,FAR1 

purine nucleotide 

metabolic process 

4.75E-03 ACAT1,ADK,ALDOA,ATP5F1D,DLST,G6PD,HPR

T1,MDH2,NDUFS3,PGD,RAB23,ADCY10,FAR1 

ribonucleotide 

biosynthetic 

process 

5.26E-03 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,HPRT1,ND

UFS3,CMPK1,ADCY10 

purine-containing 

compound 

metabolic process 

8.23E-03 ACAT1,ADK,ALDOA,ATP5F1D,DLST,G6PD,HPR

T1,MDH2,NDUFS3,PGD,RAB23,ADCY10,FAR1 

nucleoside 

triphosphate 

biosynthetic 

process 

2.14E-02 ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,NDUFS3 

carbohydrate 

derivative 

biosynthetic 

process 

2.64E-02 ACAT1,ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,G

6PD,GMDS,HPRT1,NDUFS3,SORD,LCMT2,CMPK

1,ADCY10 

nucleoside 

triphosphate 

metabolic process 

2.64E-02 ADK,ALDOA,ATP5F1D,CTPS1,DTYMK,NDUFS3,

RAB23 

purine 

ribonucleotide 

metabolic process 

3.09E-02 ACAT1,ADK,ALDOA,ATP5F1D,DLST,HPRT1,ND

UFS3,RAB23,ADCY10,FAR1 

purine 

ribonucleotide 

biosynthetic 

process 

5.32E-02 ACAT1,ADK,ALDOA,ATP5F1D,HPRT1,NDUFS3,

ADCY10 
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purine nucleotide 

biosynthetic 

process 

1.10E-01 ACAT1,ADK,ALDOA,ATP5F1D,HPRT1,NDUFS3,

ADCY10 

purine-containing 

compound 

biosynthetic 

process 

1.30E-01 ACAT1,ADK,ALDOA,ATP5F1D,HPRT1,NDUFS3,

ADCY10 

purine nucleoside 

triphosphate 

metabolic process 

2.30E-01 ADK,ALDOA,ATP5F1D,NDUFS3,RAB23 

ribonucleoside 

triphosphate 

metabolic process 

2.41E-01 ALDOA,ATP5F1D,CTPS1,NDUFS3,RAB23 

purine nucleoside 

triphosphate 

biosynthetic 

process 

2.55E-01 ADK,ALDOA,ATP5F1D,NDUFS3 

positive 

regulation of 

organelle 

organization 

7.31E-05 BAK1,CCT6A,FEN1,IL1A,LMAN1,MSN,FSCN1,SR

C,RUVBL1,MACROH2A1,ARHGEF10,G3BP2,PDC

D6IP,SMC4,TRIM28,CNOT1,CYFIP1,FBXO7 

positive 

regulation of 

podosome 

assembly 

4.99E-03 MSN,FSCN1,SRC 

positive 

regulation of 

organelle 

assembly 

5.32E-03 MSN,FSCN1,SRC,G3BP2,PDCD6IP,CNOT1 

regulation of 

organelle 

assembly 

6.14E-03 HNRNPU,MSN,FSCN1,SRC,EZR,SEC22B,G3BP2,P

DCD6IP,CNOT1 

regulation of 

podosome 

assembly 

9.89E-03 MSN,FSCN1,SRC 

establishment of 

apical/basal cell 

polarity 

3.59E-02 MSN,FSCN1,SCRIB 

establishment of 

cell polarity 

3.94E-02 CRK,ITGB1,MSN,FSCN1,SCRIB,CORO7 

establishment of 

monopolar cell 

polarity 

4.46E-02 MSN,FSCN1,SCRIB 
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establishment or 

maintenance of 

monopolar cell 

polarity 

4.89E-02 MSN,FSCN1,SCRIB 

establishment or 

maintenance of 

apical/basal cell 

polarity 

5.18E-02 MSN,FSCN1,PDCD6IP,SCRIB 

establishment or 

maintenance of 

bipolar cell 

polarity 

5.18E-02 MSN,FSCN1,PDCD6IP,SCRIB 

positive 

regulation of 

cellular 

component 

biogenesis 

5.22E-02 BAK1,EIF4G1,GBP2,MSN,FSCN1,SRC,ARHGEF10

,G3BP2,PDCD6IP,TRIM28,CNOT1,CYFIP1 

establishment or 

maintenance of 

cell polarity 

6.43E-02 CRK,ITGB1,MSN,FSCN1,PDCD6IP,SCRIB,CORO7 

regulation of 

protein-

containing 

complex 

assembly 

9.71E-02 BAK1,EIF4G1,GBP2,HSPA5,MSN,FSCN1,SRC,PR

EB,SEPTIN8,CYFIP1 

positive 

regulation of 

protein-

containing 

complex 

assembly 

1.94E-01 BAK1,EIF4G1,GBP2,MSN,FSCN1,SRC 

establishment or 

maintenance of 

epithelial cell 

apical/basal 

polarity 

2.55E-01 MSN,PDCD6IP,SCRIB 

protein folding 7.74E-05 CCT6A,GAK,HSPA5,LMAN1,PFDN4,PPIB,HSP90

B1,BAG2,NUDC,FKBP9,MESD,HSPBP1 

chaperone-

mediated protein 

folding 

9.39E-02 CCT6A,GAK,HSPA5,PPIB 
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negative 

regulation of 

transferase 

activity 

9.09E-05 HNRNPU,PLEC,PRKAR2A,SRC,GPRC5A,RPL23,B

AG2,MACROH2A1,PRDX3,CORO1C,FBXO7,SMY

D3,CEP85 

negative 

regulation of 

protein 

modification 

process 

4.55E-04 BAK1,EIF4G1,G6PD,PLEC,PRKAR2A,RPS15,GPR

C5A,RPL23,BAG2,MACROH2A1,CORO1C,FBXO7

,UBR5,OXR1,SMYD3,CEP85 

negative 

regulation of 

kinase activity 

2.45E-03 HNRNPU,PLEC,PRKAR2A,GPRC5A,MACROH2A

1,PRDX3,CORO1C,FBXO7,SMYD3,CEP85 

negative 

regulation of 

phosphorylation 

4.94E-03 BAK1,EIF4G1,HNRNPU,PLEC,PRKAR2A,GPRC5

A,MACROH2A1,PRDX3,CORO1C,FBXO7,SMYD3

,CEP85 

negative 

regulation of 

phosphate 

metabolic process 

1.47E-02 BAK1,EIF4G1,HNRNPU,PLEC,PRKAR2A,GPRC5

A,MACROH2A1,PRDX3,CORO1C,FBXO7,SMYD3

,CEP85 

negative 

regulation of 

phosphorus 

metabolic process 

1.49E-02 BAK1,EIF4G1,HNRNPU,PLEC,PRKAR2A,GPRC5

A,MACROH2A1,PRDX3,CORO1C,FBXO7,SMYD3

,CEP85 

negative 

regulation of 

catalytic activity 

2.13E-02 SERPINC1,HNRNPU,PEBP1,PLEC,PRKAR2A,SRC

,GPRC5A,RPL23,BAG2,MACROH2A1,PRDX3,CO

RO1C,FBXO7,SMYD3,CEP85 

negative 

regulation of 

protein kinase 

activity 

2.13E-02 PLEC,PRKAR2A,GPRC5A,MACROH2A1,CORO1C

,FBXO7,SMYD3,CEP85 

negative 

regulation of 

protein 

phosphorylation 

2.69E-02 BAK1,EIF4G1,PLEC,PRKAR2A,GPRC5A,MACRO

H2A1,CORO1C,FBXO7,SMYD3,CEP85 

Signaling by 

Receptor 

Tyrosine Kinases 

1.02E-04 AAMP,ADAM10,AP2M1,CLTC,CREB1,CRK,DIAP

H1,ITGA3,ITGB1,LAMC1,NCBP1,PLCG1,POLR2H

,RPS27A,SRC,STAT6,AHCYL1,CYFIP1 

MET promotes 

cell motility 

2.09E-03 CRK,ITGA3,ITGB1,LAMC1,SRC 

PID UPA UPAR 

PATHWAY 

2.31E-03 CRK,ITGA3,ITGB1,NCL,SRC 

Signaling by 

MET 

4.24E-03 CRK,ITGA3,ITGB1,LAMC1,RPS27A,SRC 
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PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

PID FAK 

PATHWAY 

8.94E-03 CRK,ITGB1,MMP14,PLCG1,SRC 

Shigellosis 1.46E-02 CAPN1,CRK,DIAPH1,ITGB1,PLCG1,RPS27A,SRC,

IKBKG,SEPTIN8 

PID TCPTP 

PATHWAY 

2.17E-02 ITGB1,LMAN1,SRC,STAT6 

Bacterial invasion 

of epithelial cells 

2.40E-02 CLTC,CRK,ITGB1,SRC,SEPTIN8 

TROP2 

regulatory 

signaling 

3.46E-02 ADAM10,ITGB1,TACSTD2,SRC 

PID INTEGRIN 

A9B1 

PATHWAY 

4.89E-02 ITGB1,SRC,TGM2 

PID LYMPH 

ANGIOGENESI

S PATHWAY 

4.89E-02 CREB1,CRK,ITGB1 

PID CXCR4 

PATHWAY 

6.15E-02 CRK,ITGA3,ITGB1,SRC,UBQLN1 

Integrin-mediated 

cell adhesion 

6.62E-02 CAPN1,CRK,ITGA3,ITGB1,SRC 

RAC1/PAK1/p38

/MMP2 pathway 

9.15E-02 CRK,ITGB1,SRC,IKBKG 

PID 

SYNDECAN 2 

PATHWAY 

9.15E-02 ITGB1,SRC,EZR 

PID INTEGRIN 

A4B1 

PATHWAY 

9.15E-02 CRK,ITGB1,SRC 

Hepatocyte 

growth factor 

receptor signaling 

9.81E-02 CRK,ITGB1,SRC 

Gastrin signaling 

pathway 

9.87E-02 CREB1,CRK,ITGB1,PLCG1,SRC 

positive 

regulation of cell 

migration 

1.09E-01 AAMP,ADAM10,CRK,DIAPH1,HSPA5,IL1A,ITGA

3,ITGB1,MMP14,PLCG1,PPP3CA,SRC 

regulation of 

small GTPase 

mediated signal 

transduction 

1.24E-01 CRK,ITGA3,ITGB1,RGL2,SRC,TGM2,ARHGAP29,

ARHGEF10 

PID RET 

PATHWAY 

1.34E-01 CREB1,CRK,SRC 
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PTGFRN with 8C7 monoclonal antibody in A431 cells, continued 

leukocyte 

migration 

1.42E-01 CRK,ITGA3,ITGB1,MSN,PLEC,PPIB,SRC 

positive 

regulation of cell 

motility 

1.42E-01 AAMP,ADAM10,CRK,DIAPH1,HSPA5,IL1A,ITGA

3,ITGB1,MMP14,PLCG1,PPP3CA,SRC 

positive 

regulation of 

locomotion 

1.66E-01 AAMP,ADAM10,CRK,DIAPH1,HSPA5,IL1A,ITGA

3,ITGB1,MMP14,PLCG1,PPP3CA,SRC 

Yersinia infection 1.79E-01 CRK,ITGB1,PLCG1,SRC,IKBKG 

GPER1 signaling 1.86E-01 ITGB1,PRKAR2A,SRC 

Focal adhesion 1.94E-01 CRK,DIAPH1,ITGA3,ITGB1,LAMC1,SRC 

regulation of 

signaling receptor 

activity 

2.11E-01 CAPN1,ITGB1,SRC,GPRC5A,PCSK9 

Focal adhesion 2.12E-01 CRK,DIAPH1,ITGA3,ITGB1,LAMC1,SRC 

integrin-mediated 

signaling 

pathway 

2.25E-01 ADAM10,ITGA3,ITGB1,SRC 

Carbon 

metabolism 

1.03E-04 ACAT1,ALDOA,ALDOC,CS,DLST,G6PD,GCSH,M

DH2,PGD 

Glyoxylate and 

dicarboxylate 

metabolism 

7.59E-03 ACAT1,CS,GCSH,MDH2 

generation of 

precursor 

metabolites and 

energy 

1.82E-02 ACAT1,ATP5F1D,CS,DLST,FDXR,G6PD,NIPSNAP

2,MDH2,NDUFS3,PGD,PLEC 

Metabolic 

reprogramming in 

colon cancer 

2.17E-02 DLST,G6PD,MDH2,PGD 

TCA cycle (aka 

Krebs or citric 

acid cycle) 

2.20E-02 CS,DLST,MDH2 

Citric acid cycle 

(TCA cycle) 

3.59E-02 CS,DLST,MDH2 

Amino acid 

metabolism 

4.46E-02 ASNS,CS,DLST,MDH2,OAT 

cellular 

respiration 

5.46E-02 ATP5F1D,CS,DLST,NIPSNAP2,MDH2,NDUFS3,PL

EC 

Citrate cycle 

(TCA cycle) 

7.48E-02 CS,DLST,MDH2 

aerobic 

respiration 

9.15E-02 ATP5F1D,CS,DLST,NIPSNAP2,MDH2,NDUFS3 
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tricarboxylic acid 

cycle 

9.15E-02 CS,DLST,MDH2 

The citric acid 

(TCA) cycle and 

respiratory 

electron transport 

1.28E-01 ATP5F1D,CS,DLST,MDH2,NDUFS3,LRPPRC 

energy derivation 

by oxidation of 

organic 

compounds 

2.05E-01 ATP5F1D,CS,DLST,NIPSNAP2,MDH2,NDUFS3,PL

EC 

response to 

inorganic 

substance 

1.32E-04 ATP5F1D,BAK1,CREB1,CRK,G6PD,HSPA5,IL1A,

LTA4H,PLEC,PPP3CA,SORD,SRC,STAT6,UBE3A,

STK24,AHCYL1,PRDX3,ADCY10 

response to salt 6.02E-02 G6PD,HSPA5,IL1A,PLEC,PPP2R2A,PPP3CA,TGM

2,HSP90B1,UBE3A,AHCYL1 

response to metal 

ion 

1.32E-01 ATP5F1D,CREB1,G6PD,HSPA5,IL1A,LTA4H,PPP3

CA,SORD,AHCYL1 

Human 

papillomavirus 

infection 

1.43E-04 BAK1,CDK6,CREB1,ITGA3,ITGB1,LAMC1,PPP2R

2A,PSMC1,RHEB,UBE3A,IKBKG,OASL,BCAP31,

SCRIB 

Small cell lung 

cancer 

1.28E-03 BAK1,CDK6,CKS2,ITGA3,ITGB1,LAMC1,IKBKG 

Small cell lung 

cancer 

1.59E-03 BAK1,CDK6,CKS2,ITGA3,ITGB1,LAMC1,IKBKG 

MET activates 

PTK2 signaling 

7.59E-03 ITGA3,ITGB1,LAMC1,SRC 

Pathways in 

cancer 

2.85E-02 BAK1,CDK6,CKS2,CRK,ITGA3,ITGB1,LAMC1,PL

CG1,STAT6,TPM3,HSP90B1,CCDC6,IKBKG 

Malignant pleural 

mesothelioma 

5.37E-02 BAK1,CREB1,DSC3,EIF4G1,ITGA3,ITGB1,LAMC

1,MMP14,RHEB,SRC,BAG2 

Laminin 

interactions 

7.48E-02 ITGA3,ITGB1,LAMC1 

PID INTEGRIN1 

PATHWAY 

8.41E-02 ITGA3,ITGB1,LAMC1,TGM2 

PI3K-Akt 

signaling 

pathway 

8.61E-02 CDK6,CREB1,ITGA3,ITGB1,LAMC1,PPP2R2A,RH

EB,HSP90B1,IKBKG 

Primary focal 

segmental 

glomerulosclerosi

s (FSGS) 

1.06E-01 ITGA3,ITGB1,PLCG1,INF2 
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PI3K-Akt 

signaling 

pathway 

1.06E-01 CDK6,CREB1,ITGA3,ITGB1,LAMC1,PPP2R2A,RH

EB,HSP90B1,IKBKG 

maintenance of 

blood-brain 

barrier 

1.19E-01 ITGB1,LAMC1,LSR 

PID A6B1 A6B4 

INTEGRIN 

PATHWAY 

1.95E-01 IL1A,ITGB1,LAMC1 

DGCR8 

multiprotein 

complex 

2.23E-04 HNRNPU,HSPA5,ILF3,NCL 
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Chapter 3: PTGFRN as a Target for ADC Development 
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and analyzed data; Jorge Marquez and Ginette Serrero contributed to writing and editing 
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