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Abstract 

Oral squamous cell carcinoma (OSCC) is the most common form of head and neck 

cancer. Although there have been improvements in detection and treatment with the development 

of targeted therapies, OSCC has a low five-year survival rate which has shown little 

improvement in recent history. OSCCs are known to secrete extracellular vesicles (EVs) into the 

extracellular space including into the blood stream. These EVs contain a wide variety of different 

molecules capable of effecting cancer processes including mRNAs, miRNAs, and proteins. By 

performing an in depth analysis we will gain a better understanding on how OSCC secreted 

miRNAs are capable of acting as messages between cancerous and stromal cells. Additionally, I 

have presented data on how these miRNAs can be exploited for their ability to act as biomarkers. 

In this thesis I first described which miRNAs are altered in patients with oral cancer or 

carcinoma in situ and determined that this altered expression is capable of predicting cancer 

status. After validating the suitability of cell lines as an OSCC model, I examined if altered 

serum miRNAs overlap with miRNAs which are selectively secreted from oral cancer cell lines. 

Follow-up functional analysis was performed for miR-142-3p and it was determined that this 

miRNA was being secreted in order to remove it’s tumor suppressive effect within the cancer 

cell and additionally to transfer a tumor promoting signal to endothelial cells of the tumor 

stroma. To confirm that this was not an isolated phenomenon I examined the function of miR-

142-3p when secreted from lung cancer cells and noticed a similar effect in endothelial cells and 

an additional effect on fibroblasts. Effected fibroblasts underwent changes associated with 

wound healing and tumor promotion. 

These data taken together provide a comprehensive analysis of the alterations of secreted 

miRNAs in OSCC and provide insight in the ability of some miRNAs to serve a dual role both 
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within the tumor cells and cells of the tumor stroma. It is possible these results could lead to the 

creation of a diagnostic test with possible future applications to the diagnosis of oral cancer. 

 

 



iv 

 

Preface 

All research described in this thesis was conducted with the ethics approval of the University of 

British Columba Research Ethics Board (Certificate number: H10-02846) 

 

Chapters 1, 3, 4, 5, and 6 were co-authored for publication. The full author lists are as follows: 

 

A version of Chapter 1 will be published as: 

Dickman, C. T. D.,

I wrote and co-edited the manuscript. CG, provided guidance and co-edited the manuscript. 

 & Garnis, C. (In Preparation). The Role of Secreted miRNAs in Head and 

Neck Cancers.  

 

A version of Chapter 3 will be published as:  

Dickman, C. T. D.,

 I wrote the manuscript, conducted most of the experiments, performed some of the data analysis 

and interpreted the results. SAM assisted with study design, RT assisted with data collection, YH 

and JC developed the statistical analysis protocol, CFP provided clinical samples and gave 

insight on clinical utility, CG assisted with study design, and supervised the research. 

 MacLellan, S.A., Towle, R., Huang, Y., Chen, J., Poh, C. F., & Garnis, C. 

(Pending). The Identification and Validation of a Serum miRNA Based Biomarker for the 

Detection of Oral Cancer.  

 

A version of Chapter 4 has been published as:  



v 

 

Dickman, C. T. D.,

I wrote the manuscript, conducted experiments, performed data analysis and interpreted the 

results. RT and RS assisted with conducting experiments, CG conceived of the project and 

provide supervisory insight. Permission for reprinting was obtained from John Wiley and Sons. 

 Towle, R., Saini, R., & Garnis, C. (2015). Molecular Characterization of 

Immortalized Normal and Dysplastic Oral Cell Lines. Journal of Oral Pathology & Medicine, 

44(5), 329-336. 

 

A version of Chapter 5 has been published as:  

Dickman, C. T. D.,

I wrote the manuscript, conducted most of the experiments, performed data analysis and 

interpreted the results. JL, JJ, SAM and NELP assisted with data collection, KLB assisted with 

planning in vivo experiments, CG assisted with planning, and interpretation of results; and 

provided supervision. Permission for reprinting is granted under the Creative Commons 

Attribution License. 

 Lawson, J., Jabalee, J., MacLellan, S. A., LePard, N. E., Bennewith, K. L., & 

Garnis, C. (Online ahead of print). Selective extracellular vesicle exclusion of miR-142-3p by 

oral cancer cells promotes both internal and extracellular malignant phenotypes. OncoTarget, 

DOI: 10.18632/oncotarget.14862 

 

A version of Chapter 6 will be published as:  

Dickman, C. T. D.,

I wrote the manuscript, conducted most of the experiments and performed data analysis. JL 

assisted with data collection and CG assisted with study design and provided supervision. 

 Lawson, J., Garnis, C. (In Preparation). Secretion of miR-142-3p in Lung 

Cancer Induces Angiogenesis and Fibroblast Activation. 



vi 

 

Table of Contents 

 

Abstract .......................................................................................................................................... ii 

Preface ........................................................................................................................................... iv 

Table of Contents ......................................................................................................................... vi 

List of Tables ................................................................................................................................ xi 

List of Figures .............................................................................................................................. xii 

List of Abbreviations ................................................................................................................. xiv 

Acknowledgements .................................................................................................................... xvi 

Dedication .................................................................................................................................. xvii 

Chapter 1: Introduction ................................................................................................................1 

1.1 Isolation and Quantification of Secreted miRNAs ......................................................... 3 

1.2 MiRNAs as Biomarkers .................................................................................................. 4 

1.2.1 Diagnostic Biomarkers................................................................................................ 4 

1.2.1.1 Salivary miRNAs ................................................................................................ 4 

1.2.1.2 Circulating miRNAs ........................................................................................... 8 

1.2.2 Prognostic and Other Non-Diagnostic Biomarkers .................................................. 13 

1.2.3 Common Themes Among miRNA Biomarkers ........................................................ 14 

1.3 Functional Analysis of Secreted miRNAs .................................................................... 17 

1.4 Conclusions ................................................................................................................... 19 

Chapter 2: Thesis Theme and Rationale ...................................................................................21 

2.1 Goals and Rationale ...................................................................................................... 21 

2.2 Hypotheses .................................................................................................................... 21 



vii 

 

2.3 Specific Aims ................................................................................................................ 22 

Chapter 3: The Identification and Validation of a Serum miRNA Based Biomarker for the 

Detection of Oral Cancer.............................................................................................................25 

3.1 Introduction ............................................................................................................... 25 

3.2 Materials & Methods .................................................................................................... 26 

3.2.1 Sample Acquisition ................................................................................................... 26 

3.2.2 RNA Extraction ........................................................................................................ 29 

3.2.3 qRT-PCR................................................................................................................... 29 

3.2.4 Data Analysis ............................................................................................................ 30 

3.3 Results ........................................................................................................................... 30 

3.3.1 Preliminary SYBR Analysis ..................................................................................... 30 

3.3.2 TaqMan Training Analysis ....................................................................................... 35 

3.3.3 TaqMan Validation Analysis .................................................................................... 40 

3.4 Discussion ..................................................................................................................... 41 

Chapter 4: Molecular Characterization of Immortalized Normal and Dysplastic Oral Cell 

Lines ..............................................................................................................................................45 

4.1 Introduction ................................................................................................................... 45 

4.2 Methods......................................................................................................................... 46 

4.2.1 Cell Lines and Tissue ................................................................................................ 46 

4.2.2 DNA Copy Number CGH Array .............................................................................. 49 

4.2.3 mRNA Expression Array .......................................................................................... 50 

4.2.4 miRNA qRT-PCR Panel ........................................................................................... 51 

4.3 Results ........................................................................................................................... 51 



viii 

 

4.3.1 Detection of Copy Number Alterations .................................................................... 51 

4.3.2 Genome-Wide Gene Expression Profiles ................................................................. 55 

4.3.3 miRNA Expression Analysis .................................................................................... 59 

4.4 Discussion ..................................................................................................................... 61 

Chapter 5: Selective Extracellular Vesicle Exclusion of miR-142-3p by Oral Cancer Cells 

Promotes Both Internal and Extracellular Malignant Phenotypes .........................................65 

5.1 Introduction ................................................................................................................... 65 

5.2 Materials and Methods .................................................................................................. 67 

5.2.1 Cell Lines .................................................................................................................. 67 

5.2.2 SEV Isolation ............................................................................................................ 67 

5.2.3 Western Blotting ....................................................................................................... 68 

5.2.4 Real Time PCR ......................................................................................................... 69 

5.2.5 Statistical Analysis of miRNA Data ......................................................................... 69 

5.2.6 Over-expression and shRNA Vectors ....................................................................... 70 

5.2.7 MTT Cell Proliferation Assay .................................................................................. 71 

5.2.8 Soft Agar Colony Formation Assay .......................................................................... 71 

5.2.9 Tube formation Assay ............................................................................................... 72 

5.2.10 Tumor Xenografts ................................................................................................. 73 

5.2.11 Immunofluorescence ............................................................................................. 73 

5.3 Results ........................................................................................................................... 74 

5.3.1 Identification of miRNAs Under Selection............................................................... 74 

5.3.2 Inhibition of SEVs Excretion Increases Cellular miRNA Concentration ................. 78 

5.3.3 TGFBR1 is a Target of miR-142-3p ......................................................................... 81 



ix 

 

5.3.4 MiR-142-3p Decreases the Growth Rate of Oral Cell Lines .................................... 83 

5.3.5 MiR-142-3p Induces Angiogenesis in vitro .............................................................. 83 

5.3.6 Secreted miR-142-3p is Associated with Increased Vascular Density in vivo ......... 87 

5.4 Discussion ..................................................................................................................... 90 

Chapter 6: Secretion of miR-142-3p in Lung Cancer Induces Angiogenesis and Fibroblast 

Activation ......................................................................................................................................95 

6.1 Introduction ................................................................................................................... 95 

6.2 Materials and Methods .................................................................................................. 96 

6.2.1 Cell Lines .................................................................................................................. 96 

6.2.2 SEV Isolation ............................................................................................................ 97 

6.2.3 Fibroblast Activation Experiment ............................................................................. 97 

6.2.4 Western Blotting ....................................................................................................... 97 

6.3 Results ........................................................................................................................... 98 

6.3.1 miRNA is Transferred From Lung Cells to Endothelial Cells ................................. 98 

6.3.2 Secreted miR-142-3p Promotes Angiogenesis ....................................................... 100 

6.3.3 Secreted miR-142-3p Targets TGFBR1 in HMEC1s ............................................. 102 

6.3.4 Secreted miR-142-3p Promotes Cancer Associated Fibroblast Transformation .... 106 

6.4 Discussion ................................................................................................................... 108 

Chapter 7: Discussion and Conclusion ....................................................................................111 

7.1 Summary of Findings .................................................................................................. 111 

7.1.1 Biomarker Analysis of Individuals with OSCC and CIS ........................................ 111 

7.1.2 Assessment of Cell lines and Their Ability to Act as an Oral Cancer Model ........ 112 

7.1.3 Functional Assessment of Secreted miRNAs ......................................................... 113 



x 

 

7.2 Conclusions Regarding Hypotheses ........................................................................... 114 

7.3 Strengths and Limitations ........................................................................................... 115 

7.4 Significance................................................................................................................. 117 

7.5 Future Directions ........................................................................................................ 118 

References ...................................................................................................................................121 

Appendix A ................................................................................................................................ 138 

 



xi 

 

List of Tables 

 

Table 1.1 Overview of salivary miRNA biomarker studies ........................................................... 6 

Table 1.2 Overview of circulating miRNA biomarker studies ....................................................... 9 

Table 3.1 Demographics of the study cohort ................................................................................ 28 

Table 3.2 LASSO selection of miRNAs for analysis of SYBR qRT-PCR with the inclusion of 

linearized CT values as well as their squares and roots ................................................................ 32 

Table 3.3 miRNAs selected after 9 LASSO actions on TaqMan training set data ....................... 38 

Table 4.1 Cell line pathology and status of common oncogenes .................................................. 48 

Table 4.2 A list of the total number of base pairs in genomic areas affected by a gain or a loss . 54 

Table 4.3 The expression of telomerase reverse transcriptase in cell lines, expression is displayed 

in fold change relative to the average expression of normal oral tissues...................................... 58 

Table A.1 Genes that show 2-fold difference in expression between immortalized and non-

immortalized lines ....................................................................................................................... 138 

Table A.2 Genomic gains and losses in the 8 tested cell lines ................................................... 141 

 



xii 

 

List of Figures 

Figure 3.1 Average accuracy for preliminary SYBR analysis ...................................................... 34 

Figure 3.2 Accuracy of TaqMan analysis training set .................................................................. 36 

Figure 3.3 Accuracy of candidate miRNAs in an independent test set ........................................ 39 

Figure 4.1 Overview of copy number variation in eight normalized or dysplastic cell lines ....... 53 

Figure 4.2 Hierarchal cluster tree for mRNA expression ............................................................. 56 

Figure 4.3 Hierarchal cluster tree for miRNA expression in the 10 cell lines tested. .................. 60 

Figure 5.1 The isolation of SEVs .................................................................................................. 76 

Figure 5.2 Result of exosome release inhibition ........................................................................... 80 

Figure 5.3 Effects of miR-142-3p over-expression ...................................................................... 82 

Figure 5.4 Effects of SEV Transfer .............................................................................................. 84 

Figure 5.5 Tube Formation Phenotypic Rescue ............................................................................ 86 

Figure 5.6 Tumor Xenografts ....................................................................................................... 88 

Figure 5.7 Tiling images of tumor cross sections ......................................................................... 89 

Figure 6.1 Transfer of miRNA to endothelial cells from lung cancer SEVs. ............................... 99 

Figure 6.2 The effect of miR-142-3p on tube formation assays ................................................. 101 

Figure 6.3 The effect of miR-142-3p on TGFBR1. .................................................................... 103 

Figure 6.4 TGFBR1 rescue and its effect on tube formation ...................................................... 105 

Figure 6.5 The effect of miR-142-3p SEVs on CAFs ................................................................ 107 

Figure A.1 Heat map for mRNA expression .............................................................................. 144 

Figure A.2 Heat map for miRNA expression ............................................................................. 145 

Figure A.3 Effects of SEV depletion of FBS .............................................................................. 146 



xiii 

 

Figure A.4 Venn diagrams showing the number of miRNAs detected below a CT of 35, for each 

cell line by qRT-PCR, and the fraction in which the miRNAs were detected. ........................... 147 

Figure A.5 Analysis of knockdown and over-expression cell lines............................................ 148 

 



xiv 

 

List of Abbreviations 

AUC Area under the curve 
BAC Bacterial artificial chromosome 
BCA Bicinchoninic Acid 
BCCRC British Columbia Cancer Research Centre 
BrdU Bromodeoxyuridine 
CAF Cancer associated fibroblast 
CGH Comparative genomic hybridization 
CIS Carcinoma in situ 
CT Cycle threshold 
CT Computed tomography 
DMEM Dulbecco’s modified Eagle’s medium 
DNA Deoxyribonucleic acid 
EBV Epstein–Barr virus 
ECL Enhanced chemiluminescence 
ENT Ear, nose and throat 
EV Extracellular vesicle 
FBS Fetal bovine serum 
FITC Fluorescein isothiocyanate 
FIV Feline immunodeficiency virus 
FV Fluorescence visualization 
GEO Gene Expression Omnibus 
GFP Green fluorescent protein 
HC Healthy controls 
HMEC1 Human microvascular endothelial cell 1 
HNSCC Head & neck squamous cell carcinoma 
HPV Human papillomavirus  
HPV Human papillomavirus 
HRL High-risk lesion 
KEGG Kyoto Encyclopedia of Genes and Genomes 
LASSO Least absolute shrinkage and selection operator 
LMP Low melting point 
LNA  Locked nucleic acid 
LNSCC Laryngeal squamous cell carcinoma 
miRNA/miR microRNA 
MRI Magnetic resonance imaging 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
MV Microvesicle 
NPC Nasopharyngeal carcinoma 
NSCLC Non-small cell lung cancer 
OPSCC Oropharyngeal squamous cell carcinoma 
OSCC Oral squamous cell carcinoma 
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 



xv 

 

PIMO Pimonidazole 
PVDF Polyvinylidene difluoride 
qRT-PCR Quantitative real time PCR 
RCF Relative centrifugal force 
RIPA Radioimmunoprecipitation assay 
RNA Ribonucleic acid 
ROC Receiver operating characteristic 
RPMI Roswell Park Memorial Institute 
SEV Small extracellular vesicle 
SCC Squamous cell carcinoma 
SCID Severe combined immunodeficiency 
SMRT Sub-megabase resolution tiling 
SST Serum-separating tube 
SV40T Simian Vacuolating Virus 40 large T antigen 
TCGA The Cancer Genome Atlas 
TEM Transmission electron microscopy 
TGFBR1 Transforming growth factor beta receptor I 
 

  



xvi 

 

Acknowledgements 

I would like to offer my enduring thanks to all those who have supported me during my 

research at UBC. 

 

Cathie Garnis, deserves a special acknowledgement for her guidance and advice, and 

giving me the opportunity to study in her lab. I am also grateful to my supervisory committee 

members, Dr. Catherine Poh, and Dr. Calum MacAulay who have provided great assistance and 

invaluable insight into my project. 

 

I would also like to thank the past and present members of the Garnis lab, all of whom 

have provided useful insights and constructive edits to this thesis. I would also like to thank my 

colleagues at the British Columbia Cancer Research Center, and the Experimental Medicine 

Program. 

 

This work would not have been possible without generous funding from the Canadian 

Institutes of Health Research, and the Pacific Otolaryngology Foundation. 



xvii 

 

Dedication 

 

I dedicate this thesis to my family



1 

 

Chapter 1: Introduction 

Epithelial tissues, line the external surfaces of the body as well as internal cavities, and 

tubes (1). Epithelial cells generally take the shape of squamous, columnar or cuboidal cells, 

arranged into stratified layers with cell junctions connecting cells (1). Epithelial cells are 

separated from blood vessels and other tissues by basement membrane (1). The term carcinoma 

refers to cancer deriving from epithelium, and results when a mass of neoplastic cells penetrate 

the basement membrane. 

Prior to the development of an invasive carcinoma, cells transform along a spectrum of 

normal to cancerous tissue with initial low grade alterations being referred to as hyperplasia 

characterized by an increase in cells with a normal morphology (2). Intermediate alterations are 

referred to as dysplasia and involve alterations to cell morphology where as advanced alterations 

to morphology involving the full thickness of the epithelium are referred to as carcinoma in situ 

(CIS), which is usually, considered a precancerous lesion as there is no invasion (2). CIS 

progresses to carcinoma when the cells are no longer constrained by the basement membrane, 

which may involve invasion of nearby and distant tissues (2). 

Worldwide there are over half a million new cases of head and neck squamous cell 

carcinoma (HNSCC) reported annually with the highest incidence in Southern and Eastern Asia 

(3). HNSCC consists of cancers in the oral cavity as well as less common sites such as the 

oropharynx, nasopharynx, hypopharynx, larynx and the trachea. The primary modifiable risk 

factors are tobacco and alcohol use as well as HPV infection (3). On aggregate, individuals with 

HNSCC have a poor outcome, especially in individuals with HPV negative tumors, with two-

year survival rates of ~58%. This is partially due to the high rate of recurrence and late stage at 

diagnosis (4). HPV positive HNSCC cases in the oropharynx have a much better survival rate of 
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~94% with progression free survival at ~85% (4). This effect however is site specific with HPV 

being a positive prognostic indicator in the oropharynx yet a negative indicator in the oral cavity 

(5). Outcomes for all HNSCC cases, regardless of etiology, are substantially improved by early 

diagnosis especially if detection is made at the precancerous stage (6). Interventions such as 

targeted therapies have enhanced the efficacy of cancer treatment and improved cancer patient 

survival, building on successes from standard care involving surgery, radiation, and 

chemotherapy. Nonetheless, there remains a clear need to develop new approaches for treating 

this disease. Additional knowledge of HNSCC cancer biology is needed to identify new 

druggable tumor cell processes. 

MiRNAs are ~22bp non coding RNAs capable of regulating the expression of protein 

coding genes and are highly deregulated in a wide variety of cancer types including HNSCC (7). 

In recent years there has been substantial interest on miRNAs secreted from cancer cells into the 

extracellular space, where the miRNAs can be found in the blood as well as saliva (7-10). The 

excreted miRNAs are believed to be released from cancer cells via extracellular vesicles (EVs) 

as well as a part of protein and lipoprotein complexes (10-12). It remains unclear what 

proportion of miRNAs are secreted via each pathway. Some groups have proposed that the vast 

majority of miRNAs are encapsulated within EVs (10) while others have found the opposite and 

shown that most miRNAs are associated with circulating proteins (11,12). 

 Initially the discovery of nucleotides in the extracellular space was thought to be debris 

from the cell. However, some sequences of RNAs were shown to have higher concentration in 

vesicles than in cells leading to the belief that secretion could be selective (13). Many of the EV 

enriched RNAs have been shown to have a biological role and can have their function transferred 

from one cell to another (14). Particular interest has been given towards secreted miRNAs which 
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have tissue specific function, and are capable of inhibiting the translation of a wide variety of 

genes (15). There has been interest into the functional role these miRNAs may have in promoting 

or inhibiting cancer. MiRNAs secreted by tumors have been found to induce angiogenesis (16), 

inhibit immune cell activity (17) and prime pre-metastatic niches (18). 

There has also been great interest in the use of circulating miRNAs, i.e. secreted miRNAs 

present in the blood, as biomarkers as circulating miRNAs are protected from degradation in the 

blood. When synthetic miRNA is added to the blood it is rapidly degraded due to the presence of 

RNase enzymes (19); however native miRNA is not, due to its associations with EVs and protein 

complexes (20). Secreted miRNAs have been reported as potential biomarkers in several cancer 

types (21-23), including HNSCC.  

Herein is an overview of the known roles that secreted miRNAs play in HNSCC. We 

discussed the current state of biomarker research in HNSCC, looking at both blood and saliva 

based markers. Diagnostic and non-diagnostic biomarkers will be mentioned. We then presented 

what is known about the functional role that these secreted miRNAs play, and how they affect 

HNSCC oncogenicity. 

 

1.1  Isolation and Quantification of Secreted miRNAs  

 The majority of biomarker research on secreted miRNAs examines miRNA isolated from 

whole saliva, serum or plasma. When performing functional analysis on secreted miRNAs, it is 

common to isolate EVs from serum or plasma, and to a lesser extent saliva (24-26). Whole blood 

is rarely used in either context due to the presence of miRNAs from the blood cells themselves. 

If the researcher desires to examine blood or salivary EVs in isolation they will generally be 

isolated by centrifugation or commercially available reagents (27). Further purification may be 
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performed to isolate sub populations of vesicles such as exosomes or microvesicles and remove 

non-vesicular contaminants. This can be done using sucrose gradient separation or antibody 

based methods (28). Circulating miRNAs, may be associated with proteins such as Ago2 as well 

as lipoproteins which may be isolated using chromatography or immunoprecipitation (11). 

Follow up analysis may be performed on miRNAs secreted into cell culture medium. After 

selecting which fluid and EV isolation procedures are appropriate miRNAs can be extracted 

from samples using phenol or spin column based methods, which may lead to variation in the 

quantities of miRNAs extracted (29). After isolation by either phenol or spin column based 

methods, of which there are several, miRNAs are generally quantified using standard methods 

such as qRT-PCR, nanostring n-counter, microarray or sequencing. Due to the balance of cost, 

accuracy, and throughput, the most common method used to search for miRNA biomarkers is an 

initial screen using microarrays, then performing verification analysis to confirm that identified 

miRNAs remain differentially expressed using qRT-PCR, as it is a more precise method (30). 

The selection of a sample type as well as the quantification method may lead to differences in the 

observed miRNAs. 

 

1.2 MiRNAs as Biomarkers 

1.2.1 Diagnostic Biomarkers 

1.2.1.1 Salivary miRNAs 

Salivary miRNAs have been found in EVs as well as a component of desquamated 

epithelial cells (31), and collection methods aimed at detecting desquamated cells may show 

similar miRNA levels when compared to standard saliva collection as was shown by Wiklund et 

al.’s comparison of miR-375 and miR-200a-3p in the saliva and oral rinse (with cells) of OSCC 
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patients (32). Due to the direct contact between the oral cavity and saliva the majority of research 

on salivary miRNAs has focused on OSCC (Table 1.1). This is based upon the assumption that 

any cancer associated salivary miRNA originates from tumors in direct contact with the saliva. 

There is however potential for other cancers of the head and neck, which are not in direct contact 

with the saliva, to alter salivary miRNAs, as the miRNAs may be secreted into the blood stream 

causing alterations to miRNA releasing cells in the salivary glands as was seen with cancers as 

distant as the pancreas (33). 
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Table 1.1 Overview of salivary miRNA biomarker studies 

References Sample 
Type 

Patients Technique miRNAs AUC 

(34) Saliva 50 OSCC 
50 HC 

qRT-PCR array with select miRNA 
qRT-PCR verification 

miR-200a-3p 0.65 
miR-125a-5p 0.62 

(35) Saliva 20 OSCC 
40 PMD 
20 RAS 
20 HC 

qRT-PCR with miRNAs chosen 
from literature 

miR-21-5p 0.73 (OSCC 
vs HC) 

miR-145-5p 0.68 (OSCC 
vs HC) 

miR-184 0.86 (OSCC 
vs HC) 

(36) Saliva 9 OSCC 
8 Remission 
8 OLP 
9 HC 

Nanostring array with qRT-PCR 
verification 

miR-27b-3p 0.96 (OSCC 
vs HC) 
0.88 (OSCC 
vs 
Remission) 
0.98 (OSCC 
vs OLP) 

miR-136-5p 0.97 (OSCC 
vs HC) 
0.90 (OSCC 
vs 
Remission) 

(37) Saliva 45 OSCC 
10 Leukoplakia 
24 HC 

qRT-PCR with miRNAs chosen 
from literature 

miR-31-5p 0.82 
(OSCC vs 
HC) 
0.71 (OSCC 
pre-op vs 
post op) 

(38) Saliva 61 HNSCC  
61 HC 

qRT-PCR array with select miRNA 
qRT-PCR verification 

miR-191-5p 0.98 
miR-134-5p 0.74 
miR-9-5p 0.85 

(32) Oral Rinse 
and Saliva 

15 OSCC 
7 HC 

qRT-PCR with miRNAs chosen 
from tissue analysis 

miR-375,  
miR-200a-3p 

NA 

(39) Saliva 30 OSCC 
20 HC 

qRT-PCR with miRNAs chosen 
from literature 

miR-31-5p NA 

(40) Saliva 25 OSCC 
25 HC 

Microarray with qRT-PCR 
verification 

miR-139-5p 0.81 

HC: healthy controls, PMD: potentially malignant disease, RAS: recurrent aphthous stomatitis, OLP: oral lichen 
planus 
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 In 2010 Park et al. profiled the saliva of 12 healthy controls (HCs) for 314 miRNAs using 

qRT-PCR to determine which miRNAs were highly expressed. This led to the creation of a 

smaller panel of 4 miRNAs to analyze between oral squamous cell carcinoma (OSCC) and HC 

samples, and it was discovered that miR-200a-3p and miR-125a-5p were down regulated, with 

ROC analysis showing an AUC of 0.65 and 0.62 respectively (34). A similar design of using a 

large initial screen was attempted by Salazar et al. whereby a panel of 84 miRNAs was used as 

an initial screen on 2 samples with saliva combined from 5 HNSCC patients or 5 HCs. This led 

to the selection of 5 miRNAs for analysis on the remaining samples, ultimately leading to the 

identification of miR-191-5p as a candidate miRNA with an AUC of 0.98. This is the highest 

AUC of the experiments we examined, however it is concerning in light of the fact that other 

researchers have reported that miR-191-5p is consistent across salivary samples, to the point that 

it can be used as an endogenous control (32,36). 

 The largest initial screen was performed by Duz et al. who utilized a microarray 

containing a larger set of 2006 probes including miRNAs that are generally less reported in the 

literature. These researchers however ended up selecting the commonly reported miR-139-5p 

(40) as a candidate biomarker in patients with tongue squamous cell carcinoma. 

Nanostring n-counter can also be used as an initial screen as demonstrated by Momen-

Heravi et al. examining 700 miRNAs in 32 samples, this study then performed qRT-PCR 

verification on the same initial samples, as a ‘validation’ albeit not on an independent test set. 

This method led to the discovery that salivary miR-27b-3p was capable of differentiating 

between not only OSCC and HCs but also between OSCC and oral lichen planus; and 

individuals with OSCC from former OSCC patients in remission (36). Other researchers have 

also gone beyond comparisons between individuals with and without cancer and miR-21-5p, a 
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commonly reported oncomiR (41-43) is also capable of differentiating between healthy 

individuals and individuals with dysplastic and non-dysplastic pre-malignant lesions. Mir-21-5p 

however is not capable of differentiating HCs from individuals with non-cancer related diseases 

such as recurrent aphthous stomatitis (RAS) (35). In a similar fashion researchers reported that 

that miR-31-5p could differentiate between OSSC and leukoplakia or OSSC and HC, but not 

leukoplakia and HC (37,39).  

 

1.2.1.2 Circulating miRNAs 

The majority of research on circulating miRNAs in has been performed using plasma 

(7,44-52), with fewer studies utilizing serum (8,53) as shown in Table 1.2. This is despite reports 

that miRNA quantification is more reproducible in serum (54), possibly due to incomplete 

sequestering of the platelets to the buffy coat (55). There has been comparatively limited focus 

on whole blood (56). Measurements of circulating miRNAs in individuals with HNSCC began in 

2008 when the plasma of 30 patients with OSCC and 38 controls were profiled for miR-184 

using qRT-PCR after it was determined the miRNA was deregulated in OSCC tissue. The 

miRNA was found to be significantly different in the plasma of OSCC patients with the levels 

returning to normal after treatment (57).  
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Table 1.2 Overview of circulating miRNA biomarker studies 

References Sample 
Type 

Patients Technique miRNAs AUC 

(57) Plasma 30 OSCC; 38 HC qRT-PCR with miRNAs 
chosen from tissue analysis 

miR-184 NA 

(7) Plasma 33 OSCC; 10 HC qRT-PCR with miRNAs 
chosen from tissue analysis 

miR-24-3p 0.82 

(44) Plasma 43 OSCC; 21 HC qRT-PCR with miRNAs 
chosen from literature 

miR-31-5p 0.82 

(45) Plasma 39 OSCC; 12 HC qRT-PCR with miRNAs 
chosen from literature 

miR-181a-5p, 
miR-181b-5p 

0.89 

(46) Plasma 54 OSCC; 31 HC; 7 
PMD 

qRT-PCR with miRNAs 
chosen from cell line analysis 

miR-10b-5p 0.93 
(OSCC vs 
HC) 
0.96 
(PMD vs 
HC) 

(53) Serum 160 NPC; 143 HC qRT-PCR array with select 
miRNA qRT-PCR 
verification 

miR-17-5p, miR-
20a-5p, miR-29c-
3p, miR-223-3p 

NA 

(8) Serum 16 OSCC; 14 CIS; 26 
HC 

qRT-PCR array  miR-338-3p 0.82 
miR-29a-3p 0.82 
miR-223-3p 0.81 
miR-16-5p 0.84 
Let-7b-5p 0.82 

(47) plasma 217 NPC 73 NPI qRT-PCR with miRNAs 
chosen from literature 

miR-21-5p, miR-
24-3p, miR-155-
5p, miR-378-3p 

0.91 

(48) plasma 90 OSCC; 16 PMD 
53 HC 

qRT-PCR with miRNAs 
chosen from cell line analysis 

miR-196a-5p; miR-
196b-5p 

0.96 
(OSCC vs 
HC) 
0.85 
(PMD vs 
HC) 

(49) plasma 20 LSCC; 44 HC qRT-PCR array  miR-331-3p; miR-
603; miR-1303, 
miR-660-5p, miR-
212-3p 

NA 

(50) plasma 89 NPC; 18 Other 
Cancer; 28 HC 

qRT-PCR with miRNAs 
chosen from cell line analysis 

miR-BART7-3p; 
miR-BART13-3p 

0.9 

(51) plasma 31 OSCC 31 HC Microarray with qRT-PCR 
verification 

miR-223-3p 0.73 

(52) plasma 50 HNSCC; 36 HC qRT-PCR with miRNAs 
chosen from literature 

miR-21-5p NA 

(56) blood 57 OSCC; 33 HC Microarray with qRT-PCR 
verification 

miR-186-5p 0.69 
miR-3651 0.72 
miR-494-3p 0.82 

NPI: nasopharyngitis, CIS: carcinoma in situ, LSCC: laryngeal squamous cell carcinoma  
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Subsequent studies have attempted to ascertain the predictive value of circulating miRNA 

deregulation. For example, Researchers’ noticed that miR-24-3p, miR-181a-5p and miR-181b-5p 

were increased in the tissue of patients with OSCC, and it was theorized that these miRNAs act 

on p57 and other unknown genes to increase cancer cell growth, invasion and migration. The 

authors then examined the concentration of these miRNAs in the plasma, noticing an increase, 

that was believed to be a passive consequence of increased cellular concentration rather than 

selective secretion (7,45). Similarly Liu et al. chose miR-31-5p as a potential candidate 

biomarker in OSSC from literature reports demonstrating its increased expression in the tissue of 

several cancers types, with qRT-PCR profiling showing an AUC of 0.82 (44). These tissue based 

approaches for selecting miRNAs to analyze are in contrast to Tachibana et al.’s use of a 

microarray for an initial screen of plasma miRNAs, ultimately leading to discovery of miR-223-

3p as a single qRT-PCR based marker for verification analysis (51), which had a lower AUC of 

0.73 despite the greater number to miRNAs to choose from. 

The majority of research in OSCC examined the different miRNA profiles between 

healthy individuals and those with cancer. After conducting an examination of cell lines and 

xenografts, Lu et al. noticed that miR-10b-5p levels in plasma could not only distinguish 

between OSCC patients and HCs with high precision (AUC 0.93) but also between non-

dysplastic leukoplakia patients and HCs with an improved AUC of 0.96 (46). This suggests the 

miRNA is secreted early on in the development of a malignancy, and could assist with the 

detection of more treatable early stage disease. Later analysis on miR-196a-5p and miR-196b-5p 

showed that these plasma miRNAs could distinguish between patients with pre-cancerous lesions 

including, hyperkeratosis and hyperplasia from healthy individuals, but with reduced accuracy 

then when compared to identifying OSCC (AUC of 0.96 vs 0.98). When examining more 
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advanced potentially malignant diseases including dysplasia and carcinoma in situ (CIS) 

MacLellan et al. demonstrated that the serum miRNAs from patients with pre-malignant diseases 

were more similar to the serum from OSCC patients if the lesion was more advanced. With this 

knowledge and the knowledge that CIS like OSCC is regarded as an indication for excision the 

authors combined these samples into one group and were still capable of identifying 5 separate 

miRNA biomarkers that could differentiate these lesions from HCs (8). This study is also notable 

due to its consideration of the effect of haemolysis which other studies did not account for.  

Serum and plasma miRNAs are vulnerable to contamination from blood cell derived 

miRNAs and so care must be taken to either eliminate samples effected by haemolysis, or during 

analysis account for the contamination of specific miRNAs (58-61). This is concerning 

considering identified candidate miRNAs may originate from blood cells and owe their 

differences to inconsistencies in blood sample processing. For example miR-21-5p and miR-223-

3p have been associated with haemolysis (61) and therefore it makes it more difficult to interpret 

studies which examine these miRNAs (8,47,49,51-53). Possibly serving to highlight this concern 

when Ries et al. performed biomarker analysis on whole blood they were still able to identify the 

candidate biomarkers: miR-186-5p, miR-3651 and miR-494-3p but with lower accuracy, 

possibly due to the masking effects of cellular miRNA (56). 

 In contrast to salivary miRNAs, which are mostly studied by researchers focusing on 

OSCC and other oral diseases circulating miRNAs have received attention in other head and 

neck sites including the larynx and nasopharynx. Ayaz et al. examined the plasma of 20 patients 

with laryngeal squamous cell carcinoma (LSCC) and identified 5 miRNAs which were neither 

expressed in HCs or in literature reports of any other disease state at the time. This would be 
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expected to give the biomarkers increased specificity, however later research has found these 

miRNAs to be expressed in non LSCC plasma (62).  

Circulating miRNAs have also been examined in nasopharyngeal carcinoma (NPC). Liu 

et al. performed an analysis on a panel of 21 miRNAs that they chose because of a known 

deregulation in NPC tissue and high expression in plasma (47). This pre-selection allowed for 

higher throughput analysis on 217 patients and 73 controls, an impressive number of samples 

considering the rarity of NPC even when considering the increased incidence in Southern China 

where a great deal of NPC research occurs (3). With a similar sample size Zeng et al. profiled 

plasma miRNAs on a large sample set of 160 NPC patients and 143 HCs. Initial screens with 

large qRT-PCR panels were used to narrow down the examined miRNAs to miR-17-5p, miR-

20a-5p, miR-29c-3p, and miR-223-3p. These miRNAs were then analyzed in a training set of 30 

cancer and 30 control samples in which the detection threshold was set, i.e. the combined CT 

values necessary to be called as a cancer sample. The researchers then used an independent test 

set of 57 control and 74 cancer samples to determine that the model had a sensitivity of 97 and a 

specificity of 96 (53). The results of these two studies are notable for their association between 

NPC, and enrichment in miR-21-5p and miR-223-3p which have been found in the plasma of 

patients with other cancers (52), and therefore may reduce the potential specificity of the 

biomarker. This downside may be uniquely addressed in NPC due to the disease commonly 

being caused by infection with Epstein Barr-Virus (EBV) which encodes its own unique 

miRNAs. Zhang et al discovered a subset of these miRNAs, miR-BART7-3p an miR-BART13-

3p have utility in distinguishing not only the serum of patients with NPC from controls, but also 

individuals with other cancer types (50). 
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1.2.2 Prognostic and Other Non-Diagnostic Biomarkers 

Prognostic biomarkers are intended to predict patient outcomes including the chance of 

recurrence. As with most cancers the main prognostic factor predicting HNSCC outcome is stage 

with metastatic disease having poor outcomes (4) and extracapsular spread among neck lymph 

nodes also being a negative indicator (63), whereas HPV status is a know positive indicator (64) 

although it is site specific (5). Secreted miRNAs as prognostic biomarkers in HNSCC are 

comparatively rare.  

In a study using 15 individuals with low-grade dysplasia, 8 of them later progressed to 

OSCC, it was discovered that miRNAs: miR-10b-5p, miR-145-5p, miR-99b-5p, miR-708-5p, 

and miR-181c-5p were significantly different between the two groups (65). This could be an 

incentive to remove likely progressing lesions, as many low-grade dysplasias are merely 

monitored for progression. There have only been a few more studies on circulating miRNAs and 

similarly the work has been preliminary with samples sizes too small to properly measure 

predictive power with 1-4 cases being examined in each study (52,66-68).  

However there are indications that circulating secreted miRNAs may be suitable for 

predicting tumor recurrence (52,66). Mir-21-5p was found to be up-regulated in the plasma of 

individuals with OSCC tumors and after resection the miRNA level returned to normal, except in 

patients who later died from recurrence. A later study showed both plasma miR-21-5p, and miR-

223-3p were up-regulated in patients with HNSCC, prior to surgery with levels returning to 

normal in non-progressors after surgery, however miR-223-3p but not miR-21-5p remained 

elevated in an individual suffering a recurrence. As these are miRNAs identified as a potential 

diagnostic biomarkers by others (8,51), it is possibility the miRNA was secreted from occult 

tumor burden at the time of resection, however it raises the question of the why certain 
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biomarker miRNAs remain elevated but not others (66). MiR-155-5p, miR-146a-5p, and miR-

15a-5p were found to be lower in the blood of individuals with more advanced HNSCC (67,68), 

suggesting their potential utility in aiding with prognosis. As these miRNAs are lower in the 

blood of individuals with larger tumors this suggests that they do not originate from the tumor, 

and may be secreted from blood cells or the surrounding tissues. Additionally, as these are 

generally regarded as tumor suppressive miRNAs it could be that their absences from the blood 

allows for the cancer to progress in a yet to be identified mechanism (67,68). Taken together 

these prognostic biomarkers are a potential indicator for more aggressive adjuvant therapy. 

In addition to prognosis, biomarkers can be used to measure response to treatment. EBV, 

the main cause of NPC, encodes miRNAs not otherwise present in humans. Examination of EBV 

miRNAs secreted from NPC tumors has improvements over examining EBV antibodies in 

monitoring tumor burden, as antibody levels can be expected to remain in the blood after the 

removal of the tumor. EBV miRNAs miR-BART7-3p and miR-BART13-3p were also shown to 

decrease in response to decreases in tumor burden and therefore have potential to track disease 

progression and may be useful in determining the benefit of continued adjuvant therapy (50).  

 

1.2.3 Common Themes Among miRNA Biomarkers  

When examining saliva and blood one would expect there to be miRNAs that are secreted 

into both fluids. When we examined HNSCC biomarker studies we saw that there is overlap 

among miR-31-5p (37,39,44), and, miR-184 (35,57) being identified in both saliva and blood as 

potential HNSCC biomarkers. Notably secreted miR-21-5p was found to be indicative of not 

only HNSCC in saliva and blood (35,47,52) but has also been named as a possible biomarker for 

other cancer types including lung (41), colorectal (42), and breast (43). This suggests that miR-
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21-5p may have a higher potential in follow up studies due to its association with many cancer 

types, implying miR-21-5p’s detection is a more robust result. This, however, may potentially 

reduce the specificity of any clinical test as it may be difficult to refine a search for a specific 

tumor.  

With both salivary and blood based biomarkers, researchers have gone past comparisons 

between individuals with and without HNSCC, but have also examined individuals who have 

premalignant lesions. This is important for potential clinical applications, as those at high risk for 

HNSCC, and therefore the likely population to be tested, are more likely than the general public 

to have non-cancerous diseases of the head and neck. When included in biomarker studies pre-

malignant lesions are still distinguishable from HNSCC, but it becomes more difficult the further 

the lesion has progressed (8,35-37,48). This comparison is uncommon partially because 

individuals with pre-malignant lesions may not be referred to specialty care, making inclusion of 

these patients in research more difficult. This is unfortunate as the molecular alterations which 

occur in these tissues may mask more serious disease, and decrease real world specificity of a 

miRNA test.  

Another reason to give consideration to the test population is that the group at highest 

risk for HNSCC are those who have been previously been diagnosed. Oral squamous cell 

carcinoma (OSCC) and oropharyngeal squamous cell carcinoma (OPSCC) have a 20-fold 

increase in the risk of a second head and neck primary tumor (69). In individuals with early-stage 

disease who have undergone primary treatment, there is a 24% chance of recurrence within 5 

years (69). Initial treatment involving radiation or surgery can make visual diagnosis of a 

recurrence or second primary much more difficult. Detection of a local recurrence could be 

hampered due to scar tissues formation and altered anatomy which would hamper visual 
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inspection even with the aid of toluidine blue vital stain (70). HNSCC recurrence will frequently 

be detected distantly as a regional or distant metastasis in the lung or neck without a 

corresponding local tumor. This generally leads to a dismal outcome (69). A non-invasive 

biomarker capable of detecting disease recurrence before it is otherwise clinically evident could 

positively impact life expectancy. It would therefore be highly beneficial if a miRNA biomarker 

could be capable of detecting HNSCC in a population that has already received treatment. 

Examination of secreted miRNAs in individuals with HNSCC both in saliva and blood showed 

that after resection of the tumors, circulating miRNA profiles largely return to normal 

(36,40,47,52,57). This suggests that comparisons between individuals with and without HNSCC 

may be applicable to a test group that has already been treated (36). Future research will need to 

examine what effects primary treatments have on miRNA profiles.  

There are several statistical challenges to overcome with all types of biomarker research 

in HNSCC. With few exceptions (53) the majority of biomarker tests described above likely 

represent a best case estimate of those test’s ability to perform. The next step for a clinically 

usable biomarker of secreted miRNAs would involve a large sample size with improved 

statistical analysis involving independent validation. The creation of a statistical classifier is 

biased when the samples that were used to create the classifier were also used to determine its 

accuracy, as there is the possibility for a model to be analyzing background noise. A model must 

be validated on an independent test set of patients whose data were not used to influence which 

miRNA(s) are being tested or what values were determined to be indicative of cancer (71). To 

further build upon this a clinical trial would be required to determine if a biomarker was useful in 

a clinical setting where diagnosis is unknown and to see if that translates into an improvement in 

patient outcome (72).  
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Demographic matching between experimental groups is important to ensure that any 

observed changes in miRNA are due to the pathology of the disease and not underlying risk 

factors. Notably the most common risk factor associated with HNSCC is smoking status which 

may affect both salivary and circulatory miRNAs. Tobacco use is known to cause alterations in 

saliva production (73), it would therefore be interesting to determine if this contributes to 

salivary miRNA differences independently of cancer status. Circulating miRNA profiles of the 

same individual before and after smoking have shown that smoking does not create an immediate 

effect on miRNA makeup (58) however comparisons between long term smokers and never 

smokers have shown a difference (74). 

Depending on the method of quantifying secreted miRNAs it is common to use an 

endogenous control to normalize samples during data analysis. The ideal endogenous control has 

a consistent quantity in the blood and saliva of all the patients in the study, and there is no 

universally accepted miRNA for this purpose. Best practice is to choose an endogenous control 

that is suitable in the sample set being examined rather than relying upon literature values (38). 

Concerns are raised when an one group identifies an appropriate endogenous control, that is then 

picked out as a candidate classifier by another group as happed with miR-191-5p (36,38).  

 

1.3 Functional Analysis of Secreted miRNAs 

There has been a substantial amount of research in the last decade demonstrating the 

functional role of secreted miRNAs, however; there is comparatively little information that has 

been conducted in the context of HNSCC. The most common hypothesis for the function of 

secreted miRNAs is in cell-to-cell communication. Although the majority of extracellular 

miRNA may not be associated with EVs (11) the majority of functional research has focused on 
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vesicular miRNA due to the perceived potential of EVs to deliver miRNA with function retained, 

to the receiving cell (75). In 2007 research in mast cells demonstrated that EVs and their 

miRNAs can be transferred between cells and the hypothesis was made that transferred miRNAs 

regulate the expression of a wide variety of mRNAs (76). This was later confirmed with salivary 

miRNAs (77). It is difficult to isolate the functional role solely of secreted miRNAs as EVs are 

known to carry mRNA and protein as well. Functional studies have linked HNSCC EVs to tumor 

vascularity (Chapter 5) and immune system modulation, through contact with T-cells and 

dendritic cells (24-26). Studies linking function to specific miRNAs have been more limited.  

It is possible to examine the effects of individual miRNAs through over-expression of 

miRNAs of interest in xenografts. It has been shown that OSCC EVs are capable of transferring 

miR-142-3p to endothelial cells, which can serve to increase tumor vascularity and decrease 

hypoxia. This process was found to serve a dual role as the act of ridding the cancer cell of mir-

142-3p also removes the tumor suppressive effect that the miRNA is known to have in epithelial 

cells (Chapter 5). The prognostic biomarker candidates miR-146a-5p and miR-155-5p show 

decreased expression in the blood of patients with aggressive HNSCC and the inhibition of these 

miRNAs can increase proliferation and migration in cancer cells (68). While it is currently 

speculative it is possible that the suppressive effect of these miRNAs is being eliminated by 

alterations in cancer cell transcription, with resulting decreases in the blood, or it may be 

possible that circulating miR-146a-5p and miR-155-5p if present in the blood, is transferred to 

HNSCC tumors, causing tumor suppression and explaining the decreased aggressiveness of 

tumors in individuals with high concentrations of these miRNAs in the blood (68). This raises 

the possibility that immune cells may be modifying the cancer cells, as was also reported in 

hepatocellular carcinoma (78).  
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It is easier to link changes in cellular phenotype to a specific miRNA in the context of 

NPC due to the presence of unique miRNAs encoded by EBV. It is therefore possible to analyze 

the effect of these miRNAs independently of endogenous miRNAs. NPC tumors are known to 

secrete EVs enriched for the EBV BART miRNAs (79) leading to an enrichment of BART 

miRNAs in the blood (80). NPC EVs are capable of transferring BART miRNAs between cells 

(81), where it is possible that through regulation of genes in the wnt signaling pathway including 

APC and WIF1 (82) they remove inhibitory effects on cell growth, metastasis and angiogenesis 

(83). Additionally when the EBV specific miRNA: miR-BHRF1-3 is taken up by dendritic cells 

there is a dose dependant reduction in CXCL11 (9) a previously confirmed target (84) and  a 

cytokine used to recruit activated T-cells (85). Additionally in NPC the secreted miRNAs miR-

24-3p, miR-891a, miR-106a-5p, miR-20a-5p, and miR-1908 are known to modulate T-cell 

activity by acting upon the MARK1 signaling pathway (17). Taken together the data suggest a 

major role of secreted EVs in evading potential immune responses. 

 

1.4 Conclusions 

Secreted miRNAs are promising avenues for biomarkers for HNSCC both in the blood 

and the saliva. It will be important to increase the number of patients included in trials as well as 

establish common methods of miRNA isolation and analysis to allow comparison between 

studies. Multiple groups are proceeding with potential miRNA signatures across several different 

HNSCC subtypes. Subsequent studies will require validation of candidates on independent 

samples preferably at independent labs. 

 Continued functional analysis of secreted miRNAs will give insight into tumor biology 

and will help give insight in to how tumors interact with the stroma and potential metastatic sites. 
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This opens up the possibility of several targetable pathways with upcoming nucleotide based 

treatments. The available literature is quickly expanding and with it the notion of increased 

clinical utility. The long-term decrease in the cost of sequencing will likely improve reliability 

with far-reaching implications for use in personalized medicine. 
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Chapter 2: Thesis Theme and Rationale 

 

2.1 Goals and Rationale 

OSCC and non-small cell lung cancer (NSCLC) are cancers with dismal survival rates 

that have shown limited improvement in recent decades. If we gain a better understanding of the 

molecular mechanisms that control carcinogenesis we may be able to identify potential treatment 

and management options of these cancers. My work examined the ability of miRNAs to 

differentiate between individuals with and without OSCC or CIS. This could lead to the 

development of biomarkers capable of detecting recurrence, and determining which pre-

cancerous lesions have a higher risk of progression. Work described here and elsewhere shows 

that circulating miRNAs can be accurate biomarkers for cancer; however there is still a limited 

understanding of which miRNAs are undergoing selective secretion and what purpose these 

miRNAs have in promoting carcinogenesis. The overall goal of my thesis was to investigate 

miRNAs that are selectively released in OSCC and NSCLC and determine what biological roles 

they play with regards to tumorigenesis. This information will give insights into cancer biology 

and determine how cancer cells communicate with their tumor stroma using miRNAs. The 

information gained here can potentially lead to the identification of drug targets which can lead 

to an improvement of outcomes for theses two diseases which retain overall poor rates of 

survival. 

 

2.2 Hypotheses 

The hypotheses and questions examined were:  
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 1: Is there a subset of serum miRNAs that are capable of differentiating between 

individuals with and without oral cancer or CIS? 

2: Are MiRNAs being selectively excluded from OSCC cells when doing so will confer a 

carcinogenic advantage? This may occur both by the removal of tumor suppressive miRNAs and 

also by promoting a supportive tumor microenvironment by the secretion of cell-to-cell 

communicating miRNAs. 

3: The tumor promoting activity of miRNAs identified in 1 & 2 will not be unique to 

OSCC but will also affect other cancer types including NSCLC. 

 

2.3 Specific Aims 

Aim 1: 

Chapter 3 discusses the use of a genome wide panel of miRNAs to profile the serum of 

individuals with OSCC or CIS in comparison to a demographically matched group of non-cancer 

controls. We used this information to create a statistical model capable of predicting the cancer 

status of the individuals included in the study. To ensure the rigor of the analysis method we 

used this statistical model to query an independent set of serum samples that had no influence in 

the creation of the model. This work represents the first attempt to identify serum miRNA 

biomarkers for oral cancer that are capable of functioning in a large independent sample set. 

Identify which miRNAs are capable of differentiating between individuals with 

and without oral cancer 

Aim 2: 

Previous scientists in the Garnis lab have characterized oral cancer cell lines for DNA 

mutations and alterations in mRNA expression. This provided a useful reference for researchers 

conducting in vitro analysis on oral cancer. Building upon this knowledge I believed that it 

Characterize oral cell lines for their suitability to act as an analog of human tissue 
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would be beneficial to characterize normal and dysplastic cell lines for DNA mutations as well 

as alteration to both mRNA and miRNA expression. It is known that the growth of cells in 

culture is capable of causing molecular alterations to all of these features. Experiments 

performed using these cell lines can be performed with full knowledge of the limitations in 

comparing between in vitro and in vivo studies. This information is discussed in Chapter 4, and 

provides insight into the interpretation of the results obtained in Chapter 5.  

Aim 3: 

Before conducting functional analysis of the miRNAs which are different between 

individuals with and without OSCC it is important to determine if these miRNAs are being 

selectively secreted from the cancer cells themselves. This step is necessary as there are many 

cells capable of secreting miRNAs into the serum of cancer patients and identification of their 

source is important to elucidating the role of the secreted miRNAs. In Chapter 5 of this thesis, I 

examined a panel of 4 OSCC cell lines and 1 oral dysplasia cell line and profile them for the 

same panel of miRNAs described in Aim 2. By comparing the miRNAs present in the cell to the 

miRNAs that are in the EVs I can determine which miRNAs are undergoing selective excretion 

rather than having alterations due to changes in total miRNA expression. This is based off of the 

prediction that selected miRNAs are more likely to have a functional role in promoting cancer 

growth when compared to other miRNAs which may be secreted. 

Identify the miRNAs that are selectively excreted from OSCC cell lines in culture 

via EVs. 

Aim 4: 

In a panel of OSCC cell lines the exosomal secretion pathway was altered through the use 

of shRNAs, and of the miRNAs identified in Aim 3, miR-142-3p was found to be the most 

Determine the function of the EV miRNAs discussed in Aim 3 with regards to 

OSCC 
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responsive to these changes. Chapter 5 examined the functional role that miR-142-3p plays 

within the cancer cell to give insight into what selective benefit there is to eliminating it from the 

cell. To also explain why this miRNA was not merely altered through changes in gene 

transcription, we explored the possibility that this miRNA was acting as a cell-to-cell 

communicator, a possibility demonstrated by others. We examined the ability of this miRNA to 

act upon endothelial cells of the tumor stroma, both by inducing increased expression in the 

endothelial cells and by transferring miRNA by way of EVs to more accurately mimic natural 

processes. Mouse models were also utilized to demonstrate that the observed phenotype was not 

a unique artifact of the cell culture environment, a crucial warning from chapter 4. 

Additionally, we sought to characterize the mRNA target of this miRNA in an effort to 

provide a more complete explanation of the miRNA’s activity. 

 Aim 5:

Chapter 6 examined the possibility that the functional pathway of miR-142-3p described 

in Aim 4 is broadly applicable to other forms of cancer. The functional role of miR-142-3p 

originating from lung cancer cell lines is examined using similar methodology to chapter 5. 

Assessing multiple ways that secreted miRNAs communicate with the tumor stroma is important 

for building a complete picture of EV transfer. And therefore there is additionally an 

examination of the miRNA’s role upon cancer associated fibroblasts (CAFs), with assays used to 

determine if fibroblasts are induced to express markers which have been associated with a tumor 

promoting niche.  

 Identify to what degree there is similarity in the function of miRNAs that are 

secreted in the EVs of OSCC compared to NSCLC 
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Chapter 3: The Identification and Validation of a Serum miRNA Based 

Biomarker for the Detection of Oral Cancer 

 

3.1 Introduction 

Oral squamous cell carcinoma (OSCC) is the most commonly diagnosed form of head 

and neck cancer and the 8th most common cancer worldwide (86).The disease has a poor 

prognosis and overall survival rates for the disease have seen little improvement despite recent 

advances in care. A partial cause of the high mortality is due to the late stage at diagnosis when 

the disease is more difficult to treat with surgical resection (87). There is also a high rate of 

recurrence, and second primary (87). There is potential to greatly increase the survival rates for 

individuals with oral cancer if a method is developed that allows earlier detection. 

An ideal biomarker would be one that is obtainable non-invasively such as from blood or 

urine and there has been recent interest into the evaluation of circulating miRNAs which have 

been found to be stably expressed in the blood (20) with non-random variance in the miRNA 

profiles between individual with different diseases including oral squamous cell carcinoma 

(OSCC)(7,8,88). These facts taken together show the potential for miRNAs to provide utility in 

the early detection of OSCC. 

Profiling of miRNAs for the purpose of identifying biomarkers is normally done on 

serum or plasma to avoid the large contribution of RNA from blood cells masking miRNAs 

which are possibly secreted by tumor cells (89). Serum has the benefit of being easier to collect 

and process and is also more available. Plasma has also been shown to have more variable 

expression when performing technical replicates (54) which could be due to varying 
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contributions of platelet miRNAs (55). A weakness of serum and plasma is that it is known to be 

affected by haemolysis of the blood sample which could lead to inconsistent contributions of red 

blood cell miRNA to the miRNA profile (90). The options to eliminate this effect are first to 

exclude from analysis any sample which has hemoglobin detectable over a certain threshold, and 

second to exclude from analysis miRNAs that are known to be affected by haemolysis (58). The 

rejection of haemolysed samples provides the ability to analyze more miRNAs, the rejection of 

haemolysis affected miRNAs provides more potential clinical utility as repeated blood draws 

would not be needed from individuals prone to haemolysis. This method therefore has the 

potential of a faster processing time and a decreased number of patient visits. 

Several previous researchers have attempted to develop a circulating biomarker for 

OSCC by examination of blood, serum and plasma, yet have not been able to show high 

accuracy in large independent sample sets (7,34,51,56,66,91). This chapter details an effort to 

build upon previous studies into circulating oral cancer biomarker detection through an increase 

in sample size and a more stringent statistical analysis to create, select and validate a test that can 

differentiate between individuals with and without oral cancer. We decided to group OSCC and 

CIS together for our analysis as the high rate of progression to OSCC (92) has lead to an 

understanding that these lesion must be removed (93,94). Inclusion of these individuals assists in 

the analysis of a biomarker’s potential to detect early stage disease. 

 

3.2 Materials & Methods 

3.2.1 Sample Acquisition 

Serum samples were collected from patients with either CIS or OSCC (collectively high-

risk lesions or HRLs) undergoing curative resection treatment. Control serum samples from 
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individuals without cancer were demographically matched for sex, age, and smoking history. 

The non-cancer control samples were obtained from a pan-Canadian study on the early detection 

of lung cancer. A comparison of demographic information can be seen in Table 3.1. 

All blood samples were collected in SST vacutainer tubes then allowed to clot for 30 min 

at room temperature. Samples were then centrifuged a room temperature for 15 min at 1500 RCF 

and frozen in aliquots at -80°C within 2 hours. 
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Table 3.1 Demographics of the study cohort 

 
HRL Control HRL Control HRL Control 

 
SYBR TaqMan Training TaqMan Validation 

Total Patients 48 51 48 49 29 24 
CIS 18 NA 18 NA 14 NA 
SCC 30 NA 30 NA 15 NA 

Age mean  62 63 62 63 56 65 
Age range 35-93 50-75 35-93 50-75 23-79 55-75 

Males 35 29 35 29 21 10 
Females 13 22 13 20 8 14 

Former smokers 24 30 24 30 0 10 
Current smokers 14 21 14 19 29 14 

never smokers 10 0 10 0 0 0 
pack-year mean 21 47 21 47 33 45 
pack-year range 0-156 30-80 0-156 30-80 0-73 17-63 
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3.2.2 RNA Extraction 

We extracted RNA from 200 μl of serum with a miRNeasy Mini Kit (Qiagen) using the 

manufacturer’s protocol with the addition of 1.25 μl of MS2 carrier RNA (Roche Applied 

Science) which was added to QIAzol Lysis Reagent prior to the addition of serum. After 

purification RNA was suspended in 50 μl of RNase free water and stored at -80°C. 

 

3.2.3 qRT-PCR 

Initial qRT-PCR analysis was performed using Exiqon’s LNA based platform, with the 

profile of 30 HRL and 26 control samples being previously described (8). Additional samples 

were also profiled to bring the total to 51 control samples and 48 cancer samples. CDNA was 

made using a miRCURY LNA Universal cDNA synthesis kit on 19.2 μl of serum RNA. CDNA 

was then quantified using SYBR Green master mix and miRCURY LNA Universal RT miRNA 

PCR Human Panel I and II, according to the manufacturer’s recommendations. This allowed for 

the quantification of 742 miRNAs, although 10 of these miRNAs have been removed from 

miRBase (www.mirbase.org) due to the possible detection of other RNAs. All assays were 

examined for distinct melting curves and samples with multiple melting temperatures (Tm) or 

CT>35 were excluded from analysis. 

In order to demonstrate that the observed results were not merely an artifact of the 

Exiqon platform subsequent analysis was performed using the Thermo Fisher TaqMan system 

using custom pre-spotted plates with each assay run in triplicate. This was performed on a subset 

of promising miRNAs determined through statistical analysis described below. RNA was 

quantified using a Qubit 3.0 (Thermo Fisher) using the RNA HS reagents. 150ng of RNA was 
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run to make cDNA using TaqMan miRNA reverse transcription kits, for qPCR, Universal Master 

Mix II was used, according to manufacturer’s recommendations.  

3.2.4 Data Analysis 

For SYBR qRT-PCRs, miRNAs were excluded from analysis if they were not expressed 

with a in at least half of the control group or half of the disease group. We excluded 162 

miRNAs present on Human Panel I and II that had been shown to have altered detection 

dependant on sample haemolysis (58). 

For SYBR and TaqMan analysis expression was normalized to an endogenous control 

miR-23b-3p chosen based upon its value using the geNorm algorithm showing it was the least 

variable miRNA across samples (95). CT values for miRNAs that were not detected were set to 

the threshold of detection (35 for SYBR and 37 for TaqMan). To normalize the CT of potential 

candidate miRNAs the CT value was subtracted from the CT of the chosen normalizing miRNA; 

this was done for each sample. CT values represent a logarithmic scale therefore data were first 

linearized using the formula CTlinear = 2(-CT normalized). During the creation of a statistical model the 

linearized value was used as well as its root and square, as the relationship between miRNA level 

and disease state may not be linear. To allow the inclusion of all possible exponents would 

increase the computational demands. 

 

3.3 Results 

3.3.1 Preliminary SYBR Analysis 

We analyzed miRNA concentration in 99 serum samples from 48 individuals with HRLs 

and 51 control individuals. Of the 742 miRNAs that were queried by qRT-PCR, 162 were known 

to be effected by haemolysis and were excluded from further analysis (58). Of the remaining 
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miRNAs 415 were detected in at least one serum samples with only 14 miRNAs being detected 

in every sample. In order to focus attention on miRNAs which are likely to be informative and to 

reduce computational requirements we limited further analysis to the miRNAs which were 

expressed in at least 50% of the HRL group or 50% of the control group. After this selection 106 

miRNAs remained. Analysis of the miRNAs and their CT values identified miR-23b-3p as 

having the least variability among all samples as determined by the geNorm algorithm (95). 

An attempt to use logistic regression alone to create a statistical model analyzing all of 

the remaining 106 miRNAs would likely lead to over fitting and poor predictive performance 

(96). Therefore our goal was to choose a subset of miRNAs to be included in the statistical 

model. This was done using a LASSO penalty which creates a disincentive to the inclusion of 

miRNAs that give little information to the classification of the serum samples (97). As the 

penalty is decreased the number of miRNAs included in the model changes this change is 

referred to as an ‘action’. An action can increase the number of miRNAs in the model, but if 

miRNAs included in the model at a later step provide superior attributes in combination, an 

action may remove miRNAs as well. The miRNAs selected and the order they were included in 

or excluded from the model is shown in Table 3.2.  
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Table 3.2 LASSO selection of miRNAs for analysis of SYBR qRT-PCR with the inclusion of linearized CT 
values as well as their squares and roots 
Order Action miRNA Exponent 
1 Add hsa-miR-23a-3p 0.5 
2 Add hsa-miR-346 0.5 
3 Add hsa-miR-342-3p 1 
4 Add hsa-miR-205-5p 0.5 
5 Add hsa-miR-145-5p 2 
6 Add hsa-miR-342-3p 0.5 
7 Add hsa-miR-33a-5p 0.5 
8 Add hsa-miR-125b-5p 1 
9 Add hsa-miR-142-3p 0.5 
10 Add hsa-miR-616-3p 0.5 
11 Add hsa-miR-10a-5p 1 
12 Add hsa-miR-550a-5p 2 
13 Add hsa-miR-200c-3p 1 
14 Add hsa-miR-10a-5p 0.5 
15 Add hsa-miR-125b-5p 0.5 
16 Add hsa-miR-200c-3p 0.5 
17 Remove hsa-miR-10a-5p 1 
18 Remove hsa-miR-200c-3p 1 
19 Add hsa-miR-28-3p 0.5 
20 Remove hsa-miR-125b-5p 1 
21 Add hsa-miR-497-5p 0.5 
22 Add hsa-miR-543 0.5 
23 Add hsa-miR-29b-1-5p 2 
24 Add hsa-miR-29b-1-5p 0.5 
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Before moving on to validation in an independent test set it was our wish to estimate the 

potential accuracy of our statistical model relative to the number of miRNAs included. This was 

done via bootstrapping; samples were randomly split into groups with 2/3rds of HRLs and 2/3rds 

of controls forming a training set and the remainder forming a validation set. LASSO analysis 

and logistic regression was performed. The selection of miRNAs and their influence on the 

probability calculation (their weight) was done only on the training set. This was done to not 

create an optimism bias towards the inclusion of miRNAs which are only informative in the 

validation set. The accuracy, sensitivity and specificity was calculated for each action, and then 

repeated 10000 times for alternate splits between training and validation groups. Figure 3.1 

shows that the average accuracy that a model has in the validation set, is dependent on the 

number of LASSO actions performed. The average accuracy in the validation set increases to a 

plateau with the inclusion of approximately 15 LASSO actions, roughly equivalent to the number 

of miRNAs in the model.  
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Figure 3.1 Average accuracy for preliminary SYBR analysis. This graph shows the average sensitivity, 
specificity and overall accuracy in determining oral cancer status per LASSO action while examining randomly 
partitioned validation sets of miRNA expression. Resampling was performed 10000 times and therefore the averages 
shown are based off of models with the inclusion of different miRNAs under examination. 
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3.3.2 TaqMan Training Analysis 

 Attempts to test the statistical model described above were made difficult by the re-

formatting of Exiqon’s SYBR platform which led to a requirement to regenerate the original 

statistical model. We used this as an opportunity to confirm that the observed results were a 

function of underlying trends in the miRNAs rather than, platform specific artifacts and further 

analysis was performed using TaqMan reagents. We chose to conduct verification analysis with 

the 14 highest ranked miRNAs from Table 3.2, as well as the endogenous control miR-23b-3p, 

due to the plateau in accuracy as well as the space requirements on the custom 384 well plates. 

On the TaqMan platform we were unable to detect miR-346 at the levels present in serum and 

therefore it was excluded from further analysis. Of the original 99 serum samples 2 controls were 

excluded due to an insufficient quantity of RNA. Profiling proceeded on the remaining 97 serum 

samples. 
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Figure 3.2 Accuracy of TaqMan analysis training set. A: shows the average sensitivity, specificity and overall 
accuracy when comparing across resampled data sets (accuracy is recorded on the validation set). B: shows an ROC 
curve when the regression is performed on the 6 miRNAs chosen after 9 LASSO actions performed on the entire set 
without segregation into training and validation sets. Those miRNAs are listed in Table 3.3. The arrow shows the 
point on the curve we believe has optimal sensitivity and specificity, and led to a threshold in the probability 
calculation that would be used to make calls in the independent test set. 
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The statistical model was regenerated using the same process as above. Figure 3.2 A 

shows the predicted accuracy of the model by analysis in a bootstrapped validation set. It is clear 

that the model reaches peak accuracy when there are 9 LASSO actions. If the analysis is 

performed on the entire 97 samples in the training set, 9 LASSO actions lead to the inclusion the 

6 miRNAs in Table 3.3. A comparison between Tables 3.2 and 3.3 shows that with the exception 

of miR-346 which was excluded from the TaqMan analysis, the 6 most relevant miRNAs are 

consistent across groups. Figure 3.2 B shows the ROC curve created by regression of the 

selected miRNAs with an AUC of 0.94. Although the curve is likely over fit it is useful for 

determining the threshold above which samples will be called as HRLs in the validation set. This 

point is indicated by an arrow (Fig. 3.2 B) and corresponds to a sensitivity of 0.87 and a 

specificity of 0.92. Also of interest is the observation that miR-33a-5p, miR-23a-3p, and miR-

342-3p were found at higher levels in the control samples, with miR-145-5p, miR-205-5p and 

miR-125b-5p being higher in the cancer samples. 

  



38 

 

Table 3.3 miRNAs selected after 9 LASSO actions on TaqMan training set data 

miRNA Exponenta 

hsa-miR-125b-5p 1 
hsa-miR-342-3p 1 
hsa-miR-23a-3p 1 
hsa-miR-205-5p 1 
hsa-miR-145-5p 2 
hsa-miR-33a-5p 1 
hsa-miR-145-5p 1 

a An exponent of 1 means that the LASSO action included the linearized CT value of a given 
miRNA, an exponent of 2 means that the square of the linearized CT was included
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Figure 3.3 Accuracy of candidate miRNAs in an independent test set. This graph was generated by validating 
the 6 miRNA model described in figure 3.2B, on an independent test set. 
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3.3.3 TaqMan Validation Analysis 

An independent test set of serum samples was profiled to test the identified statistical 

model without influencing its creation or selection. This set included 29 HRL samples and 24 

control samples. Figure 3.3 shows the ROC curve has an AUC of 0.90, a minor decrease in 

accuracy when compared to the training set. However while using the same threshold that was 

identified in Figure 3.2B the sensitivity and specificity are 0.45 and 0.96. The overall likelihood 

of a sample being called as a cancer was decreased despite the format of the qPCR platform 

being the same. 

We attempted to find an explanation for this variation. When performing replication 

experiments it was noticed that exact repeats could lead to a variation between technical 

replicates with a CT value difference of up to 0.5. Communications with the manufacturer 

revealed that this was within the acceptable parameters of the assay. In order to estimate the 

possible effect that this could have on a biomarker’s performance we introduced random 

alterations to the raw CT values obtained in the validation analysis. A random number between 

0.5 and 0.5 was added to each CT value prior to any processing. This was repeated 9 times, with 

the unmodified example leading to a set of 10. The sensitivity ranged from 0.38-0.55 with an 

average of 0.46 and the specificity ranged from 0.92-1.0 with an average of 0.92. This suggests 

that the qRT-PCR platform is reasonably robust to common variations in CT values, there is 

notably a decrease in the observed sensitivity compared to what was predicted in Figure 3.2 A, 

but an increase in specificity, likely due to reasons other than small variations in the qRT-PCR 

platform. 

 

 



41 

 

3.4 Discussion 

There has been a substantial effort to examine secreted miRNAs both in saliva and blood,  

and to analyze their role in detecting oral HRLs. Examination of salivary miRNAs started in 

2009 (34) and circulating miRNAs in 2008 (57). In order to not limit biomarker analysis to those 

that have been identified as deregulated in tissue, Maclellan et al. conducted the first global 

analysis of a large number of miRNAs (8). Several other researchers have conducted follow-up 

analysis providing useful information for ongoing research (51,56,66,91). These studies 

generally contained fewer than 100 research subjects and lacked validation of their analysis on 

an independent test set that had no influence on the selection or creation of their statistical 

model. Ongoing research in biomarker discovery has established that independent validation is a 

necessary follow up prior to the utilization of any biomarker in cancer (98), and may help 

alleviate the observation that most biomarkers do not achieve clinical utility. 

Analysis of biomarkers in individuals with oral cancer or carcinoma in situ can be used to 

more effectively stratify patients and improve disease outcome. By analyzing serum miRNAs 

from 152 individuals with or without oral HRLs we have been able to identify 7 miRNAs that 

are deregulated, and are capable of distinguishing between these patients with a high AUC, and 

specificity but an unreliable sensitivity. This means that the statistical test has a validated ability 

to separate the HRL and control groups, but the ability to make calls is affected by a bias towards 

a decreased probability of cancer. This will need to be addressed to increase confidence in a 

diagnostic test with clinical applications. It is speculative to say what the cause of this bias is, 

however there are some possibilities. The training samples were analyzed at an earlier date then 

the test samples, it is possible that there were changes over time in the thermal cycler’s 

performance. It is also possible that the reagents used degraded over time. An analysis of the CT 
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values however does not show a change in total expression over time. Future analysis would be 

improved if the separation into training and test sets occurred after all samples were run and then 

randomized relative to the date the samples were quantified. 

It is important to discuss the possible applications of a test with a low sensitivity and high 

specificity. Such a test is not an absolute bar to clinical applications as there is still benefit to a 

subset of individuals. Specificity is generally more relevant when deciding to perform an 

invasive or costly procedure however when designing a screening test on a broad population a 

high sensitivity is generally preferable allowing for more discerning methods to be used to 

confirm diagnosis later on (99). A determination of acceptable test parameters must be made in 

collaboration with clinicians and would be specific to the population examined. 

By removing miRNAs that are known to be affected by haemolysis we decrease the 

vulnerability of our assay to differences in sample collection. This partially improves upon a 

meta analysis including over 900 participants that have been tested for either circulating, tissue 

or salivary miRNAs which could discriminate between oral cancer and controls with a higher 

sensitivity at 0.75 but a lower specificity at 0.77 (100). Our more focused approach yielded an 

AUC of 0.90, a sensitivity of 0.45 and a specificity of 0.96 while at the same time using a more 

discerning analysis method. 

The current standard for detecting oral cancer is visual inspection of the oral cavity as 

tumors are often visually apparent (101). Visual examination may also discover precancerous 

and non-cancerous lesions as well as true cancers and often follow up testing is necessary to 

confirm diagnosis. Detection of oral cancer is made much more difficult during a recurrence as 

primary treatment usually involves surgery with or without radiation which can cause major 

changes to the anatomy of the mouth. Recurred tumors are often only detected when they are 
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large enough to cause pain even when examinations include the use of diagnostic aids such as an 

FV scope or toluidine blue vital stain (70). A biomarker capable of distinguishing between 

individuals with and without oral cancer may help overcome these difficulties. Future research 

would need to analyze a large number of individuals after treatment while monitoring for 

recurrence. There is cause for optimism as previous studies have demonstrated that post 

treatment miRNA profiles are similar to non-cancer profiles (36). This potentially could alleviate 

a concern that there may be an effect of treatment on circulating miRNAs. 

The observation that many of the candidate miRNAs are higher in the control samples 

(miR-33a-5p, miR-23a-3p, and miR-342-3p) suggests that the deregulated miRNAs originate 

from outside the tumor. This indicates there may be a global deregulation of miRNAs in 

individuals with oral cancer. While unusual this complements previous research that has 

demonstrated similar decreases of mIR-342-3p in leukemia (102), with other examinations of 

oral cancer also showing decreases of specific circulating miRNAs in the control group (56). 

Conversely our own research directly measuring the miRNAs secreted from OSCC and lung 

cancer cells has shown that miR-145-5p was the only miRNA that is enriched in the serum of 

individuals with OSCC and is also selectively exported into the extracellular space from cell 

lines (Chapter 5). In lung cancer secretion of miR-145-5p appears to be selected for, due to 

inhibition of the protein CamK1D when the miRNA is transferred to endothelial cells, with a 

pro-angiogenic effect (data not shown). MiR-125b-5p has shown to be increased in the serum of 

individuals with lung cancer and more aggressive forms of breast cancer (103,104). Conversely 

miR-125b-5p’s decrease in oral tissue appears to be an indicator of progression (105), raising the 

question that the miRNA may be present in the serum due to disposal from the tumor, an idea 

recently proposed upon examination of extracellular vesicle secreted miRNAs (13). 
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In conclusion the expression of the miRNAs miR-125b-5p, miR-342-3p, miR-23a-3p, 

miR-205-5p, miR-145-5p, miR-33a-5p miR-145-5p and the endogenous control miR-23b-3p 

have been demonstrated and analytically validated on an independent test group to have a high 

AUC but with an unknown bias leading towards a modest sensitivity and a high specificity to 

discriminate between individuals with and without oral cancer or carcinoma in situ. This work 

will be applicable to future research on early detection of recurrence, and further analysis must 

be conducted to validate the clinical utility of the test in its ability to detect a subset of 

OSCC/CIS cases. 
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Chapter 4: Molecular Characterization of Immortalized Normal and 

Dysplastic Oral Cell Lines 

 

4.1 Introduction 

Cell models have yielded significant insights into cancer biology and remain a staple of 

oncology research; they are widely used to model the progression of disease and the response of 

human tissue to drugs, as a precursor to research in animals and humans (106-109). Cell lines, 

especially those derived from tumors, are known to exhibit significant molecular heterogeneity 

and previous work has shown that many molecular alterations can occur before malignant 

transformation (110). Analysis of genes that contribute to disease states can be hindered by the 

complex genetic background of many cell lines. For oral cancer, while there is extensive 

molecular characterization of cell lines derived from invasive disease tissues (111-115), there is 

limited molecular information available to complement analysis of commonly cited cell lines 

derived from normal or dysplastic oral tissues (116,117). 

Normal and pre-malignant tissues generally exhibit less molecular complexity than 

cancerous cells (118), hence cell lines derived from such tissues are invaluable for the study of 

cancer progression and initiation. Unlike tumor cell lines, normal primary human cells can only 

carry out a finite number of replications before they undergo senescence (119), thus limiting the 

length of time cells may be grown in culture. To circumvent this issue, primary cell lines are 

often immortalized using a variety of methods including silencing tumor suppressor genes (such 

as p53 and K-Ras (120)) infection with viral oncogenes, such as SV40T (121) or E6 and E7 

(122), or constitutive expression of hTERT (telomerase reverse transcriptase) (123). The ideal 
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immortalized cell is one that is genetically identical to the primary normal cells from which they 

were derived but also capable of infinite reproduction. In reality, the immortalization process and 

prolonged replication may introduce alterations to the cells (124,125). To use cell lines as a tool 

for modeling cancer initiation and progression or other diseases of the oral mucosa, it is vital to 

determine the genetic background of these cells. Commercially available normal oral cell lines 

(OKF4, OKP7, OKF4 TERT, OKF4 E6E7, OKF6 TERT1, OKF6 TERT2, OKF6 E6E7, and 

OKP7 bmi1 TERT); and oral dysplastic lines (POE9n TERT and DOK) have undergone some 

molecular characterization with regards to major oncogenes; however, they have yet to be 

molecularly characterized in a comprehensive manner (126-128). A Google Scholar search 

shows that the normal cell lines have been mentioned 298 times with the most commonly used 

being OKF6 TERT1, comparatively the dysplasia lines were mentioned 1110 times. Here, we 

report whole genome DNA copy number analysis and global expression profiling of both 

miRNAs and mRNAs for these oral tissue cell lines, generating a comprehensive molecular 

resource for all subsequent modeling work involving these cells. 

 

4.2 Methods 

4.2.1 Cell Lines and Tissue 

Normal oral cells OKF4, OKP7 and cell lines OKF4 TERT, OKF4 E6E7, OKF6 TERT1, 

OKF6 TERT2, OKF6 E6E7, OKP7 bmi1 TERT and the oral dysplastic line POE9n/TERT were 

purchased from the Harvard Skin Disease Research Center Cell Culture Core (Boston, MA, 

USA). The dysplastic line DOK was obtained from the European Collection of Cell Cultures 

(Salisbury, UK). Cells were grown in Keratinocyte Serum Free Medium supplemented with L-

Glutamine, bovine pituitary extract, and epidermal growth factor, and were passaged upon 
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reaching 30–40% confluency. DOK cells were grown differently; they were allowed to grow in 

Dulbecco's Modified Eagle Medium supplemented with 10% fetal bovine serum, and 5 μg/ml 

hydrocortisone. Dysplastic cells were passaged at 70% confluency. Table 4.1 summarizes 

information previously reported about these cell lines.
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Table 4.1 Cell line pathology and status of common oncogenes 

Cell line Pathological 
status 

Immortalization p53 Status pRb Status p16 Status p14 ARF Source of 
tissue 

OKF4 
TERTa 

Normal Immortalized Not expressed Unknown Unknown Unknown Floor of 
Mouth 

OKF4 
E6E7a 

Normal Immortalized Deficient Deficient Unknown Unknown Floor of 
Mouth 

OKF4a Normal Non-immortalized Unknown Unknown Expressed 
(126) 

Unknown Floor of 
Mouth 

OKF6 
TERT1a 

Normal Immortalized Not expressed Unknown Loss of 
Heterozygosity, 
Protein detected 
(127) 

Loss of 
Heterozygosity, 
Protein detected 
(127) 

Floor of 
Mouth 

OKF6 
TERT2a 

Normal Immortalized Unknown  Unknown Homozygous 
deletion (127) 

Homozygous 
deletion (127) 

Floor of 
Mouth 

OKF6 
E6E7a 

Normal Immortalized Deficient Deficient Unknown Unknown Floor of 
Mouth 

OKP7 
bmi1 
TERTa 

Normal Immortalized Unknown Unknown Deficient Deficient Soft 
Palate 

OKP7a Normal Non-immortalized Unknown Unknown Unknown Unknown Soft 
Palate 

POE9n 
TERTa 

Severe Dysplasia Immortalized Deficient 
(126) 

Deficient 
(127) 

Homozygous 
deletion 

Homozygous 
deletion 

Floor of 
Mouth 

DOK 
(128) 

Moderate 
Dysplasia 

Naturally Immortal 12 bp deletion 
and Increased 
expression 
(128) 

Unknown Expression of 
mutated form 
(129) 

Functional Tongue 

 

a Obtained from the Harvard Skin Disease Research Center Cell Culture Core 
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Both DNA and RNA were extracted from each line when cells reached their maximum 

confluency, as described above. OKF4 and OKP7 Primary cells were used between passage 6 

and 8. DNA from these cells was isolated using a standard phenol-chloroform extraction and 

treatment with RNase (130). RNA was isolated using the TRIzol (Invitrogen, Carlsbad, CA, 

USA)-chloroform extraction method (as per manufacturer's instructions). RNA used in miRNA 

profiling received DNase treatment using the DNA-free kit (Applied Biosystems, Foster City, 

CA, USA). Normal oral tissue adjacent to removed tumors was previously obtained and from 20 

patients with a pathologist analyzing biopsies to confirm histopathological status, 18 samples 

were collected from the tongue and one each from the gingiva and the floor of the mouth (131). 

RNA extractions from clinical tissues contributing to the mRNA analyses in this work were 

previously described (131). 

 

4.2.2 DNA Copy Number CGH Array 

DNA copy number variation was analyzed using the SMRT v.2 whole genome tiling-path 

array (BC Cancer Research Centre, Vancouver, BC, Canada) (132-134). This array contains 

~26,000 overlapping bacterial artificial chromosome (BAC) hybridization probes, spotted in 

duplicate, which cover the entire human genome. Cell line DNA was compared to a reference 

DNA sample from a healthy human male volunteer. The hybridization protocol has been 

previously described (135). Slides were scanned using a GenePix 4000B and images were 

converted to data files using SoftWorx Tracker software. Systematic biases were removed and 

the data were normalized using the software CGHNorm (136). Data were visualized using 

SeeGH software (137). DNA gains and losses were defined using the waviCGH program (138). 

DNA copy segmentation and probability calling was performed and all other settings were set as 
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defaults. Called gains and losses were visually inspected and were excluded if the call was based 

on a single outlying data point. Adjacent calls were consolidated when large segments were 

separated by small intervening segments that were not considered as gains or losses due to high 

variability. Array data have been made available (GEO Reference: GSE59238). 

 

4.2.3 mRNA Expression Array 

Extracted RNA was analyzed for mRNA expression using the Agilent Whole Human 

Genome Microarray Kit, 4x44K. Hybridizations were performed as per manufacturer's protocol 

(Agilent, Santa Clara, CA, USA). Scanning was performed on a GenePix 4000B microarray 

scanner. To perform clustering of expression data, missing values were excluded if the mRNA 

was not present in at least 30 of 35 samples tested. A total of 36,844 probes were included in the 

cluster analysis. Cluster analysis was performed using Genesis (Institute for Genomics and 

Bioinformatics, Graz University of Technology; Graz, Austria). Average hierarchal clustering 

was performed using a Pearson Correlation, with a heat map generated from resultant data 

(Supplemental Figure 4.1). Fold change expression data between OKF4 TERT/OKF4, OKF4 

E6E7/OKF4, and OKP7 bmi1 TERT/OKP7 cells were calculated by dividing the array intensity 

value of the immortalized line by the intensity value of the primary line. Using KEGG pathway 

analysis (139) in the bioinformatic program Cytoscape (140) with the ClueGO plug-in (141), we 

determined which gene pathways exhibited significantly different activity between these pairs. 

All expression data are publicly available (GEO Reference: GSE59238). 
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4.2.4 miRNA qRT-PCR Panel 

RNA was reverse transcribed using the Exiqon miRCURY LNA Universal RT 

microRNA PCR, polyadenylation and cDNA synthesis kit (142). The cDNA was used to 

complete a quantitative real-time PCR using a SYBR Green master mix for Exiqon's microRNA 

Ready-to-use PCR, Human panel I + II, V2.M. All steps were performed in accordance with 

manufacturer protocols (Exiqon A/S, Vedbaek, Denmark). These panels consist of two 384 well 

plates testing 742 unique miRNAs. Using the ViiA7 RUO software, results were analyzed to 

remove data from wells that had multiple Tm peaks and lacking linear amplification plots. 

MiRNA data were then imported into the GenEx program (MultiD Analysis Göteborg, Sweden). 

Interplate calibration was performed using the data from included spike-ins, and wells with CT 

values >35 were excluded. Data were normalized to the mean expression value of the miRNAs 

that were expressed in each cell line (143). Cluster analysis was performed as with mRNA and a 

heat map was generated (Supplemental Figure 4.2). 

 

4.3 Results 

4.3.1 Detection of Copy Number Alterations 

Figure 4.1 shows an overlay of the genomic profiles for each of the immortalized normal 

and dysplastic cell lines OKF4 TERT, OKF4 E6E7, OKF6 TERT1, OKF6 TERT2, OKF6 E6E7, 

OKP7 bmi1 TERT, DOK, and POE9n TERT. DNA Copy number analysis showed that each of 

the cell lines harbored DNA copy number alterations. The cell line with the highest percentage of 

its genome altered was not a dysplastic line, but rather one of the hTERT immortalized normal 

lines (OKF4 TERT). Table 4.2 shows the total amount of the genome that experienced an 

alteration, either a gain or a loss, for each cell line. No genomic alterations were observed across 
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all cell lines. The largest areas gained in a subset of cases were entire gains of chromosome 5 in 

OKF4 TERT and OKF6 TERT1, and a gain of the entire chromosome 5q arm in OKF6 E6E7. 

Supplemental Table 4.3 shows a breakdown of the regions exhibiting a gain or a loss, with DOK 

having the highest number of DNA copy number changes called by waviCGH. The OKF4-

derived cell lines (from the same primary cells but immortalized by different methods) showed 

no overlapping copy number alterations with each other; however, each of the OKF6-derived cell 

lines exhibited a gain at the distal end of chromosome 5 (from bp 130 350 388 to 180 844 590).  
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 Figure 4.1 Overview of copy number variation in eight normalized or dysplastic cell lines. Each BAC clone on 
the CGH array is represented by a single dot, shifts to the right represent a gain whereas shifts to the left represent a 
loss, the farther a clone is shifted the greater the number of copies gained or lost. Called gains and losses have been 
highlighted with a colored bar. Each of the eight cell lines tested are represented with a different color. 
Chromosomes 5 and 9 have been enlarged to show increased detail. 
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Table 4.2 A list of the total number of base pairs in genomic areas affected by a gain or a loss 

Cell line Total lost base pairs Total gained base pairs Total affected base pairs 
OKF4 TERT 167 062 190 743 294 190 910 356 
OKF6 TERT1 3 181 063 185 342 799 188 523 862 
OKF6 E6E7 40 126 051 130 215 260 170 341 311 
DOK 64 376 856 64 571 931 128 948 787 
POE9n TERT 25 201 924 75 585 026 100 786 950 
OKF6 TERT2 39 222 265 51 468 927 90 691 192 
OKP7 bmi1 TERT 406 516 5 708 431 6 114 947 
OKF4 E6E7 NA 2 445 872 2445 872 
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4.3.2 Genome-Wide Gene Expression Profiles 

Gene expression results for 19 596 genes were obtained for each studied cell line. To 

determine how closely the normal and dysplastic lines resembled their parental lines—and each 

other—a clustering analysis was performed (Fig. 4.2). Non-immortalized primary cells did not 

cluster together. Immortalized cell lines did not appear to cluster with the primary cells they were 

derived from nor did the hTERT-immortalized cells; however, cell lines immortalized with E6 

and E7 showed expression patterns very similar to each other. Additionally, clustering did not 

seem to be linked to i) the location in the oral cavity from which a given cell line was derived or 

ii) p53 mutational status. 
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Figure 4.2 Hierarchal cluster tree for mRNA expression. The data was generated using 10 cell lines. 
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E6 and E7 proteins cause post-translational silencing of pRb and p53. DOK, the non-

artificially immortalized dysplasia line, was known previously to have a 12 bp deletion in p53 

(128). The post-translational silencing and deletion of p53 in these lines would not be expected 

to affect expression values. We examined the expression of p53 in the remaining cell lines to 

determine if cells could be bypassing cell cycle checkpoints by reducing p53 expression. The 

average expression of p53 in cells not known to have a p53 silencing mechanism was 64% of 

what it was for DOK and the E6E7 immortalized cells (which had normal levels of p53 

expression when compared to normal oral tissue profiled previously [GEO reference: 

GSE46802] (131). This difference was not significant (P = 0.13). The lower p53 expression in all 

cell lines compared to all tissues was deemed significant by t-test (P = 0.021), with normal tissue 

having the highest average expression. A similar difference was not observed for the expression 

levels of pRb, which showed no consistent pattern of expression. HTERT expression is also 

necessary for immortalized replication and cell lines had lower levels of hTERT relative to 

normal tissues (P < 0.001). The cell line expressing the least amount of hTERT, OKF6 E6E7, 

expressed 52% more hTERT than was detected on average for normal oral tissue samples. Table 

4.3 shows the relative expression of each cell line. 
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Table 4.3 The expression of telomerase reverse transcriptase in cell lines, expression is displayed in fold 
change relative to the average expression of normal oral tissues. 
Cell Line Fold Change TERT Expression 
OKF6 E6E7 1.520381 
POE9n TERT 1.531946 
OKF7 bmi TERT 1.664808 
OKF4 E6E7 1.680977 
OKF4 TERT 1.73545 
OKF6 TERT2 1.735488 
DOK 1.91229 
OKF4  1.982372 
OKF6 TERT1 2.044107 
OKP7  2.06332 
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Fold change analysis of mRNA expression between OKF4 TERT/OKF4, OKF4 

E6E7/OKF4, and OKP7 bmi1 TERT/OKP7 cells showed 102 genes with higher expression in all 

three of the immortalized cells relative to the cell line they were derived from and 65 genes 

expressed in greater quantity in the primary lines (Supplemental Table 4.1). A large number of 

the deregulated genes play a role in cell cycle control, including BUB1, CCNB1, CCNB2, 

CDK1, MCM6, PTTG1, TGFB2, and TTK (141). Also of note were the genes related to p53 

signaling: CCNB1, CCNB2, CDK1, and PMAIP1 (141). KEGG pathway analysis showed the 

genes from these pathways were significantly overrepresented in the list of genes dysregulated 

by more than 2 fold (P = 0.0001 and 0.003, respectively). 

 

4.3.3 miRNA Expression Analysis 

QRT-PCR of 742 miRNAs showed that 123 miRNAs were expressed in all cell lines and 

379 miRNAs were expressed in at least one of the evaluated cell lines. The cell lines expressed 

an average of 260 miRNAs with a range of 147 miRNAs for OKP7 bmi1 TERT to 301 miRNAs 

for OKP7. Cluster analysis of miRNA expression data showed the relationship between miRNA 

expression for each sample (Fig. 4.3). Figure 4.3 shows that the miRNA expression was most 

similar between the two primary cell lines. Also of note is that the two dysplasia cell lines did 

not form a cluster distinct from normal cell lines. 
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Figure 4.3 Hierarchal cluster tree for miRNA expression in the 10 cell lines tested. 
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To determine whether there were any similarities between miRNA expression of the 

immortalized cell lines and the primary lines, fold change of miRNA expression was calculated 

between OKF4 TERT/OKF4, OKF4 E6E7/OKF4, and OKP7 bmi1 TERT/OKP7. MiR-210 and 

miR-34a were down-regulated in the immortalized cell lines in all three of the pairs. MiR-200c-

5p, miR-25-3p, miR-29b-1-5p, miR-877-5p, miR-93-3p, and miR-934 were all up-regulated in 

the immortalized lines. 

 
4.4 Discussion 

Normal cell lines are used in a large variety of laboratory applications for modeling 

transformation from healthy to disease states (144) and as a control for experiments examining 

cancer cell lines (113). Normal and dysplastic cell lines can be challenging to establish in culture 

as they often become senescent after a few generations (119). Consequently, fewer of these cell 

lines have been thoroughly characterized relative to cancer lines. One way to mitigate some of 

the issues facing these cell lines is immortalization; however, this may introduce alterations to 

the cells. It is important to note that immortalization is not the only cause of alterations in the cell 

lines. The OKF6 derived cell lines share a common gain in chromosome 5 (Fig. 4.1, 

Supplemental Table 4.2) this would suggest that the mutation was present in the primary cell 

line. 

The cell lines OKF4 E6E7 and OKF6 E6E7 examined in this study have been 

immortalized with the genes E6 and E7 from the oncovirus HPV type 16 which are known to 

circumvent senescence and increase proliferation (145). The E6 and E7 proteins are known to 

post-translationally inactivate the tumor suppressors p53 and pRb (Table 4.1)(146). Previous 

work has shown that p53 and pRb are commonly regulated post-transcriptionally in HPV 



62 

 

negative cancers as well (147). When present, p53 and pRb can halt cell division at the G1/S 

division and are responsible for eliminating uncontrolled cell growth; both proteins also function 

to reduce and eliminate DNA damage and the elimination of these proteins can lead to increased 

mutation. To be able to replicate indefinitely in cell culture, one would expect all immortalized 

cell lines to have developed a mechanism to bypass cell cycle check points between the G1 and S 

phase. Our data show that regardless of immortalization method the cell lines have a mechanism 

for bypassing these cell cycle checks by reducing expression of p53, as well as expression 

alterations of other genes involved in cell cycle control for example BUB1 (Supplemental Table 

4.1) which undergoes a decrease in expression in pre-senescent cells but not in immortalized 

lines (148). MiRNAs play an important role as well in the bypassing of theses check points. 

Reduced expression of miR-34a has previously been shown to impact p53 pathway signaling 

(149) and we detect it as down-regulated in this work as well. Conversely, the immortalized cell 

lines we analyzed show an increase in expression of miR-25 which is known to be increased in 

oral tumors (150) and to down-regulate the p53 pathway, which could also aid in the 

immortalization of these cell lines (151). 

The ability to overcome senescence caused by telomere loss with each division is also 

necessary for cells to persist in culture. Five of the lines in this study were immortalized through 

the addition of hTERT, an enzyme subunit responsible for lengthening telomeres (123) and 

commonly up-regulated in germ cells, stem cells, and many cancers (152). Table 4.3 also shows 

that hTERT is more highly expressed in all of our primary and immortalized cell lines than it is 

in tissue. This demonstrates the selective pressure toward maintaining telomere length. 

Immortalization with hTERT has been previously shown to cause genomic alterations including 

gains of entire chromosomes and losses of chromosomal arms (124), but has also been shown to 
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increase genomic stability in tissues that are deficient for p53 (153), where p53 itself can lead to 

genomic instability (154). Even without large genomic alterations, hTERT is capable of inducing 

changes in the expression of many oncogenes and tumor suppressors (155,156). Previous work 

has shown that cultured keratinocytes have altered expression of genes for keratins and 

differentiation proteins due to differences in the local microenvironment (157,158). In contrast to 

our results in Table 4.2, previous literature has shown the rate of genomic mutation appears to be 

higher in cells that have been immortalized with E6 and E7, with karyotyping revealing ring 

chromosome formation and changes in ploidy status (125). This could explain the dysregulation 

of several cell cycle proteins in cell lines infected with E6 and E7 (159). 

Also of interest is that the immortalization method used to derive a given line was not a 

predictor of how closely cell lines would cluster together in terms of mRNA or miRNA 

expression (Figs 4.2 and 4.3). MiRNA expression did seem to cause clustering based upon 

whether or not the cells were immortalized, regardless of method, but contrary to what would be 

expected this was not seen in mRNA expression. Clustering also did not appear to be due to the 

progenitor primary line. Clustering of gene and miRNA expression also did not appear to be 

based upon the site within the oral cavity that these cells derived from; this is interesting as 

previous work on both normal and malignant oral tissue has shown differences in the expression 

of mRNAs (160-162) and miRNAs (163). This emphasizes the role of micro-environment on 

molecular characteristics of the cells, an observation not evident when the cells are grown in the 

same culture environment. This would suggest that there is either an unknown factor responsible 

for the majority of the changes in gene expression or that many of the expression changes are 

random, possibly the result of changes in DNA dosage, epigenetics, or mutation in transcription 

factors. 
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A better understanding of oral cancer initiation and progression is necessary to reduce 

mortality rates and model systems afford an excellent means for characterizing these processes. 

This study identifies several molecular alterations that can be seen in immortalized and 

dysplastic oral cell lines. Our data suggest that cell culture derivation processes may account for 

a large portion of the changes in mRNA and miRNA expression we observed—and possibly a 

small portion of DNA alterations as well—a finding that must be considered when drawing 

conclusions based on using these systems. This reality should not negate the use of these systems 

to model disease. Rather, the results of this first-ever comprehensive molecular analysis of 

normal and dysplastic oral cell lines should instead be used to improve study design for work 

that involves these cell models. 
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Chapter 5: Selective Extracellular Vesicle Exclusion of miR-142-3p by Oral 

Cancer Cells Promotes Both Internal and Extracellular Malignant 

Phenotypes 

 

5.1 Introduction 

Extracellular vesicles (EVs) are a heterogeneous group of small membrane bound 

vesicles that include exosomes, microvesicles, apoptotic blebs and large oncosomes (164-167). 

Those vesicles which are smaller than 150 nm regardless of origin are referred to as small EVs 

(SEVs) (167). SEVs are known to contain various cargo including proteins, mRNA, and 

miRNAs (168). A single miRNA can alter the protein expression of several genes and has been 

linked to numerous disease processes, including cancer (169-171). SEVs are increasingly being 

evaluated as biomarkers for delineating clinical disease states (172-174), as therapeutic targets 

(175), and as drug delivery vehicles (176). Further, tumor-derived SEVs have also been reported 

to act on distant lymph nodes prior to metastasis, creating favorable conditions for angiogenesis 

and extra-cellular matrix changes that can prime a pre-metastatic niche that promotes subsequent 

metastatic tumor growth (177,178).  

Packaging of miRNAs into SEVs has been reported by many as selective rather than 

indiscriminate (76,179,180); the mechanisms governing this process are not well understood, 

though they may involve protein binding to distinct sequence motifs (181-184). Small RNAs can 

be enriched in SEVs, with some miRNAs exhibiting much higher enrichment in SEVs as 

compared to the cells that produced the them (which may not contain detectable intracellular 

levels of a given miRNA) (76,179,180). MiRNA content in SEVs also varies based on cell type 
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and cell state, with miRNA content in SEVs isolated from normal cells in particular differing 

from miRNA content in dysplastic and cancer cells (172,185,186). 

The selective packaging of specific miRNAs into SEVs in tumors implies a biological 

role and can be driven by selection for conditions that promote or inhibit malignancy. 

Significantly, some SEV-packaged miRNAs have exhibited oncogenic activity, while others 

demonstrate tumor suppressive functions; for example, mir-24-3p, miR-891a, miR-106a-5p, 

miR-2a-5p, and miR-1908 secreted from head and neck cancer cells can decrease T-cell response 

in the tumor stroma by targeting the Mark1 signaling pathway (17). SEV secreted miRNAs: 

miR-150-5p, miR-214-3p, miR-92a-3p and miR-210-3p have been shown to have pro- 

angiogenic roles (14,16,187,188). Alternatively healthy cells may attempt to attenuate a tumor as 

demonstrated by immune cells such as macrophages which can secrete growth inhibitory miR-

142-3p and miR-223-3p which target Hepatocellular carcinoma cells (78).  

While studies have typically focused on the role of SEV-released miRNAs in cell-cell 

communication, miRNAs may also be selectively packaged for SEV-mediated release as a 

means of eliminating a tumor suppressive factor from the cancer cell as has been reported with 

the miRNAs let-7 and miR-23b-3p (13,89). It is also possible that a given miRNA might have a 

dual role in facilitating malignant processes both locally and via cell-cell communication as these 

miRNAs promote angiogenesis when expressed in endothelial cells (189,190). 

This thesis reports the miRNAs which are selectively secreted from oral cancer cell lines. 

Follow up with one of these miRNAs: miR-142-3p found that secretion of this miRNA from oral 

cancer cell lines promotes growth of the cancer cell by eliminating the miRNA’s tumor 

suppressive effect. MiR-142-3p also promotes angiogenesis which in tumor xenografts leads to 



67 

 

decreased hypoxia. Both of these actions are mediated by the protein TGFBR1 a direct target of 

miR-142-3p. 

 

5.2 Materials and Methods 

5.2.1 Cell Lines 

The oral cancer cell lines Cal27, SCC-4, SCC-9, and SCC-25 were obtained from ATCC 

and the oral dysplastic line DOK was obtained from the European Collection of Cell Cultures. 

Cell lines were maintained according to distributor recommendations. 293T and HMEC1 cells 

were received as a gift from Dr. Aly Karson and were cultured in Dulbecco’s Modified Eagle’s 

Medium supplemented with 10% fetal bovine serum (FBS) at 37°C. RNA was extracted from 

cells and SEVs using the miRCURY RNA Isolation Kit (Exiqon) per manufacturer instructions.  

 

5.2.2 SEV Isolation 

Cell lines were seeded into eight, 15 cm plates. Forty-eight hours before reaching 90% 

confluency, media was replaced with media containing 1% FBS without noticeably affecting 

growth. The FBS was depleted of SEVs by ultracentrifugation at 110,000g overnight in order to 

reduce contamination from bovine SEVs. Cells were allowed to excrete SEVs into media for 48 

hours, after which the conditioned media was collected and subjected to multiple rounds of 

centrifugation as previously described (191). Dead cells and cellular fragments were removed 

from media at 4°C with centrifugation at 200g for 10 minutes, 2,000g for 30 minutes, and 

10,000g for 60 minutes, with the precipitate being discarded at each interval. SEVs were 

precipitated using an ultracentrifuge at 110,000 g at 4°C for 70 minutes, after which the 

supernatant was removed and the pellet was rinsed with PBS. SEVs were re-precipitated with an 
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additional 110,000g spin for 70 min. RNA was extracted from both SEVs and cells from one of 

the plates excreting SEVs as described above. Previous researchers have suggested this method 

might lead to contamination from bovine miRNA not removed by SEV depletion (192,193), and 

therefore the SEV isolation procedure was performed on non-conditioned media with 1% 

depleted FBS. Supplemental Figure 5.1 demonstrates a decrease in miRNA below the threshold 

of detection. Transmission electron microscopy (TEM) images were prepared by absorbing a 

PBS-suspended sample on 200 mesh formvar-coated nickel grids, allowing the sample to dry, 

and then fixing the sample by floating the grid on a drop of 1% glutaraldehyde for 10 min. 

Negative staining was performed by floating the grid on a drop of 1% Uranyl acetate for 1 min. 

Grids were viewed on a Tecnai 12 microscope. 

 

5.2.3 Western Blotting 

Protein was collected through lysis with radioimmunoprecipitation assay (RIPA) buffer 

supplemented with 1:100 protease inhibitor (Life Technologies) and phosphatase inhibitor 

cocktail I & II (Sigma-Aldrich). Protein was quantified using a Bicinchoninic Acid Protein assay 

kit (Life Technologies). 10 μg of protein was separated using NuPAGE 4–12% Bis-Tris Gels 

(Life Technologies) and transferred to polyvinylidene difluoride membranes (Millipore). 

Membranes were blocked in 5% BSA, 1X TBS, and 0.1% Tween-20 at room temperature for 1 

hour. Membranes were then incubated overnight at 4°C with the appropriate primary antibody: 

1:1000 diluted anti-CD63 (EXOAB-Cd63A-1, System Biosciences), anti-TSG101 (ab83, 

Abcam) or anti-phospoSMAD2/3 (8828 Cell Signaling) antibodies or 1:2000 diluted anti-

TGFBR1 (AF3025, R&D Systems). 
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After washing the antibodies were incubated with peroxidase-conjugated 1:2000 Anti-

Rabbit (7074, Cell Signaling Technology), Anti-Mouse (NXA931, GE Healthcare), or Anti-Goat 

(6741, Abcam) antibodies. For TGFBR1, anti-GAPDH (1:4000) (2118, Cell Signaling 

Technology) was used as a loading control. Detection was performed using Amersham ECL 

Western Blotting Detection Kit (GE Healthcare). To quantitatively assess western blot images of 

TGFBR1 expression, the ‘gel analysis’ function in the ImageJ program (http://imagej.nih.gov) 

was used and normalized to GAPDH expression. 

 

5.2.4 Real Time PCR 

QRT-PCR was used to identify miRNAs differentially expressed in cells as compared 

with SEVs. Reverse transcription was performed on 40 ng of RNA using an Exiqon Universal 

cDNA synthesis kit, and qRT-PCR was performed using Exiqon’s SYBR based microRNA 

Ready-to-Use PCR, Human Panel I+II V2.M as previously described (194) to test for the 

expression of 742 miRNAs. Verification analysis on individual miRNAs was performed on 100 

ng of RNA using TaqMan miRNA reverse transcription kits and TaqMan Universal Master Mix 

II and MicroRNA assays for qRT-PCR (Life Technologies). All assays were performed in 

triplicate per manufacturer protocol. TaqMan High-Capacity cDNA reverse transcription kits, 

Gene Expression Master Mix, and Gene Expression Assays (Life Technologies) were used to 

assess impacts of SMPD3 and Rab27A knockdown. 

 

5.2.5 Statistical Analysis of miRNA Data 

Pre-processing of SYBR miRNA qRT-PCR data were completed as previously described 

(170). We performed a paired analysis to identify miRNAs that were differentially expressed 
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between SEVs and their parental cell lines (i.e. the cells that gave rise to them). MiRNAs were 

considered enriched if 1) a >4-fold difference in expression was noted between SEV and cellular 

fractions following normalization to the global mean of miRNA expression (143) or 2) a given 

miRNA was detected in one fraction (either cell or SEV) at a CT below 33 and not detected (at a 

CT below the threshold of detection: 35) in the matched fraction for all of the cell lines tested.  

For follow-up miRNA analysis, cellular miRNA quantification was normalized to the expression 

of U6. As there is no known endogenous control for SEV miRNAs, follow-up quantification was 

performed with expression normalized to the cel-miR-39 spike-in control (Qiagen). Analysis of 

knockdown efficiency of SMPD3 and Rab27A expression was normalized to GAPDH. 

 

5.2.6 Over-expression and shRNA Vectors 

 Over-expression FIV lenti-vectors were purchased from GeneCopoeia for miR-142-3p 

(HmiR02082-MR01) and a scramble sequence control (CmiR0001-MR01) (hereafter miR-142 

OE and OE Control). The miR-142 OE vector produces both 3p and 5p strands. Vectors were 

packaged using 293T cells and a GeneCopoeia Lenti-Pac FIV Expression Packaging Kit (FPK-

LvTR) according to the manufacturer’s recommendations. For knockdown of Rab27A, shRNA 

vectors were purchased from Dharmacon. Five vectors were purchased to determine knockdown 

efficiency (TRCN0000005294, TRCN0000005295, TRCN0000005296, TRCN0000005297, 

TRCN0000005298) the 2 vectors with the highest efficiency were used for ongoing analysis 

(TRCN0000005295, TRCN0000005296 hereafter 5295 and 5296 respectively). Empty pLKO.1 

was used as a control. SEV staining vector pCT-CD63-GFP was purchased from SystemBio. For 

rescue experiments a TGFBR1 open reading frame (ORF) clone (TRCN0000488036) within a 

pLX_TRC317 vector as well as an empty vector control were purchased from Sigma Aldrich 
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(hereafter TGFBR1 ORF and Control ORF). Lentivirus was created using 293T cells with each 

shRNA, GFP or ORF plasmid, packaging plasmids VSVG and d8.91 using TransIT-LT1 

transfection reagent (Mirus). For all vectors, virus-containing conditioned media was collected 

over 3 days post transfection and filtered using 0.45 μm filters and stored at -80°C. Cells were 

selected over 10 days using either 400 μg/mL G418 (over-expression lines) or 2 μg/mL 

puromycin (shRNA, ORF and GFP lines).  

 

5.2.7 MTT Cell Proliferation Assay 

Stably infected miR-142 OE cells and their controls were plated in 6 wells of five 96 well 

plates at a density of 1000 cells for DOK infected with either miR-142 OE, OE Control, or 

combined miR-142 OE/TGFBR1 ORF, or miR-142 OE/Control ORF. 500 Cal27 cells infected 

with the same vectors were plated with 500 cells per well. Cell viability was measured once a 

day for 5 days using Colorimetric thiazolyl blue tetrazolium bromide (Sigma-Aldrich) as 

previously described (195) with the highest and lowest value from each condition being 

discarded. Statistical significance was determined using Student’s t-test on day 5 with a cutoff 

value of P < 0.05. 

 

5.2.8 Soft Agar Colony Formation Assay 

A 12-well plate was filled with a bottom layer of 0.5% low melting point (LMP) agarose. 

A layer made with 2000 cells from both Cal27 OE Control and Cal27 miR-142 OE lines in 

0.37% LMP agarose was added on top of the bottom layer. After four weeks the number of 

colonies per well was counted for both lines. All experiments were performed in triplicate. 

Colonies which consisted of at least 15 cells were counted. 
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5.2.9 Tube formation Assay 

HMEC1 cells were grown on a 96 well plate and upon reaching 50% confluency SEVs 

were added to the cell culture media. SEVs were isolated from one, 15mm plate of Cal27 CD63-

GFP cells and diluted in 100µl of DMEM media. This was performed in triplicate. HMEC1 cells 

were grown in SEV containing media for 24 hours after which the media was replaced with un-

modified DMEM. White and fluorescent images were taken using phase contrast on an Axiovert 

S1000 microscope. This was also performed with SEVs isolated from Cal27 miR-142 OE or 

Cal27 OE Control with RNA being extracted after 24 hours. 

Tube formation assays were performed by the addition of 100 μL of growth factor 

reduced Matrigel (Corning) at 10 mg/mL to each well of a 24 well plate. The day before the 

assay HMEC1 cells were grown to 80% confluency then serum starved over night. Three wells 

of 4.56 x 103 HMEC1 cells were plated in 100 μL DMEM supplemented with 1% FBS on 

matrigel plates. SEVs isolated from one, 15mm plate of Cal27 miR-142 OE or Cal27 OE Control 

and diluted in 10µl of PBS were added to the cell culture medium. As a control 10µl PBS was 

also used. This was performed in triplicate for each treatment group. To test the effect of the 

miRNA in isolation HMEC1 miR-142 OE or HMEC1 OE Control cells were plated using the 

same conditions without the addition of SEVs. All tube formation experiments were repeated 

with 1 x 104 HMEC1 cells infected with TGFBR1 ORF or Control ORF vectors to determine the 

contribution of TGFBR1 to the observed phenotype. Images were taken after 16 hours using 

differential interference contrast. The average tube length among three replicates was calculated 

using the ImageJ macro ‘Angiogenesis Analyzer’.  
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5.2.10 Tumor Xenografts 

Immunocompromised NOD-SCID mice were bred and housed in the Animal Resource 

Center at the BC Cancer Research Center under pathogen free conditions. All experiments were 

performed in accordance with UBC and Canadian Council on Animal Care guidelines. Male 

mice were injected subcutaneously with 2 million Cal27 cells infected with either Rab27A 

shRNA (n = 7), Control shRNA (n = 8), miR-142 OE (n = 8) or OE Control (n = 7) vectors. 

After injection, caliper measurements of tumors were taken twice a week. Volume was 

calculated as a half ellipsoid using the formula length x width x height x (4π/6). Mice were 

euthanized on post-injection day 33 (Rab27A shRNA and Control shRNA tumors) or day 35 

(miR-142 OE or OE Control tumors). Ninety minutes prior to euthanasia, mice were injected 

with Intraperitoneal pimonidazole (PIMO) (100 mg/kg), which binds to hypoxic cells, and 

bromodeoxyuridine (BrdU) (90mg/kg), which incorporates into replicating DNA and 10 minutes 

prior to euthanasia with intravenous Hoechst 33342 (Hoechst) (25 µg/mouse) to demarcate 

perfused vasculature. Tumors were resected, weighed, and then bisected along the sagittal plane 

and frozen in Optimal Cutting Temperature compound.  

 

5.2.11 Immunofluorescence 

 10 µm serial sections were taken from the center of each tumor. Sections were stained 

with endothelial cell marker 1:200 anti-CD31 (553370, BD Pharmingen) for 90 minutes 

followed by 1:100 Alexa Fluor 594 conjugated secondary antibody (A-11007, Thermo Fisher) 

for 30 min, and then 1:1000 FITC conjugated anti-PIMO (4.3.11.3, Hypoxyprobe Inc) for 90 

min. Subsequent sections were incubated in 2M HCl/0.1% Triton X-100 for 10 min to denature 

DNA and expose BrdU, then triple stained in sequence with 1:100 anti-BrdU (ab6326, Abcam) 
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for 90 min, 1:100 Alexa Fluor 594-conjugated secondary antibody for 30 min, 1:1000 FITC-

conjugated anti-PIMO for 90 min, and 0.1 µg/mL DAPI for 5 min. All slides were mounted with 

Vectashield (H-1000, Vector Laboratories). Acid washing removed Hoechst staining, and 

removed background green fluorescence, therefore perfusion was quantified from the first set of 

slides and hypoxic PIMO staining was quantified from the second set of slides. Whole cross-

section tiling images were taken under 10X objective magnification with a Zeiss Imager Z1 

using a QImaging Retiga 4000R camera with Northern Eclipse software and staining was 

quantified using ImageJ as previously described (196). Images were captured in black and white 

for each emission spectrum and then combined in false color. 

 

5.3 Results 

5.3.1 Identification of miRNAs Under Selection 

To identify miRNAs that are selectively released and/or retained via SEVs in oral cancer 

and dysplasia cells, SEVs were collected from Cal27, SCC-4, SCC-9, and SCC-25 cancer cell 

lines and oral dysplasia cell line DOK by centrifugation (191). Western blots for known 

exosomal proteins CD81 and TSG101, as well as Histone H3 (which is not expected to be 

present in SEVs) were performed on all SEV extracts and compared to protein levels in donor 

cells (Fig. 5.1A) (197). TSG101 and CD81 were increased in the SEV fraction of all samples 

relative to donor cells, while H3 was strongly expressed in donor cell fractions and only detected 

at negligible levels in SEV fractions. This suggests that the isolated SEVs were enriched for 

exosomes with the possible inclusion of other similarly sized vesicles and particles. SEVs were 

further characterized using transmission electron microscopy (TEM) on isolates from SCC-4 and 

Cal27 cells (Fig. 5.1B and C), and NanoSight on isolates from DOK and Cal27 cells (Fig, 5.2A 
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and B, black lines), with both tests showing a largely homogenous population of vesicles of 

approximately 100 nm in diameter. 
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Figure 5.1 The isolation of SEVs. A: Western blot on 10ug of protein isolated from SEVs for exosome enriched 
markers TSG101 and CD81; and negative control Histone H3. (C refers to the cellular fraction and S to SEV).  B, C: 
Uranyl acetate negative stained TEM images, of SEVs isolated from SCC-4 (B) and Cal27 cell lines (C).   
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There is substantial discussion on the correct nomenclature of SEVs and what is 

frequently referred to as ‘exosomes’ in experiments on their functional role, i.e. small EVs 

derived from ultracentrifugation, may not meet more strict definitions of exosome, in other 

words endosomally derived small vesicles which may share common protein markers with other 

vesicles (167,198). For the purpose of this thesis we will refer to ultracentrifuge derived vesicles 

as SEVs with the understanding that this is a mixed population of ~100 nm particles, that is 

enriched for category III EVs including exosomes as defined by Kowal et al. (167). 

RNA was isolated from all cell lines, as well as matched SEV samples and analyzed 

using qRT-PCR. Donor cells exhibited expression of 27-34% of the 742 miRNAs examined, 

while SEVs expressed 27-39% of these 742 miRNAs. One hundred thirty-one miRNAs were 

detected in both the donor cell and SEV RNA populations from all five cell lines. Using a 4-fold 

expression difference threshold to determine enrichment in either donor cells or SEVs, each cell 

line had an average of ten miRNAs enriched in donor cells and 17 miRNAs enriched in SEVs. 

Top candidates were selected based on the frequency with which four-fold expression 

differences were noted. The miRNAs enriched in all SEV samples were: miR-142-3p, miR-150-

5p, miR-451a, and miR-223-3p. In addition, miR-126-3p was enriched in 4/5 lines, while miR-

126-5p, miR-144-3p, and miR-605-5p were enriched in 3/5 lines. Candidate miRNAs enriched in 

SEVs were not detectable in the cellular fraction in most instances. The only miRNA candidate 

enriched in all donor cells was miR-502-5p, which was not detected in any SEV fraction. MiR-

197-3p was enriched in 3/5 donor cell fractions, though still detectable in SEVs. The majority of 

miRNAs detected were not enriched, and instead had similar levels in both the SEV and donor 

cell fractions (Supplemental Figure 5.2). 
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5.3.2 Inhibition of SEVs Excretion Increases Cellular miRNA Concentration 

To determine if miRNA candidates were extracted from SEVs and not co-precipitating 

factors, we blocked exosome release and assayed for miRNA expression within cells. Multiple 

known pathways mediate exosome formation and release. One method involves transformation 

of membrane sphingomyelin to ceramide, creating a vesicle inside a multivesicular body. This 

pathway is catalyzed by SMPD3 (199). Downstream, Rab27A mediates transport of 

multivesicular bodies to plasma membranes and vesicle docking that drives extracellular release 

of their exosome content (200). SMPD3 was detectable in only one of the oral dysplasia/cancer 

cell lines by qRT-PCR (Supplemental Fig. 5.3 A), a finding that is consistent with our 

knowledge of SMPD3 expression in oral tumors (131). As Rab27A was highly expressed 

(Supplemental Fig. 5.3 A), we silenced it using two different lentiviral shRNAs. In Cal27 cells, 

knockdown efficiency for shRNA 5295 was 89% and for shRNA 5296 was 96%. In DOK cells, 

knockdown efficiency for shRNA 5295 was 94% and for shRNA 5296 was 95% (Supplemental 

Fig. 5.3 B). Knockdown of Rab27A led to a decrease in SEV secretion shown by NanoSight 

analysis, which also determined that vesicles from Rab27A knockdown and control cell lines 

were similar in size (Fig. 5.2A and B). Silencing Rab27A resulted in an increase in the 

intracellular content of all candidate miRNAs except for miR-451a, which was not detectable in 

the cells. Depending on the cell line and shRNA used, miR-150-5p and miR-223-3p exhibited 

variable increases in expression (Fig. 5.2C). MiR-142-3p was consistently increased >4-fold 

intracellularly in each cell line following treatment with both Rab27A shRNAs (Fig. 5.2C). 

SEVs from the Cal27 Rab27A knockdown lines were extracted and profiled for miR-142-3p 

expression. Knockdown of Rab27A decreased the amount of miR-142-3p excreted from cells by 

50.8% and 50.3% with shRNA vectors 5296 (p=0.03) and 5295 (p=0.01) (Supplemental Fig. 5.3 
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C). With the exception of miR-451a these results suggest an association of the candidate 

miRNAs with exosomes. MiR-451a, may be associated with Rab27A independent exosomes or 

other vesicular or non-vesicular factors as suggested by others (11,12). 
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Figure 5.2 Result of exosome release inhibition. A, B: NanoSight determined size distribution of particles 
obtained during SEV precipitation in Cal27 (A) and DOK (B) cells with either a Control shRNA vector or Rab27A 
KD 5296 vector. Concentration represents 109 particles per ml. C: Cellular fraction fold change RT-PCR expression 
values of miR-142-3p, 150-5p and 223-3p in Cal27 and DOK cells after Rab27A knock down compared to control 
cell lines (n=3) error bars represent standard deviation and P values were determined by Student’s t-test on delta 
delta CT levels. 
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5.3.3 TGFBR1 is a Target of miR-142-3p 

A literature search for potential targets of miR-142-3p using PubMed and GeneRIF (201) 

revealed TGFBR1 as the only candidate that showed interaction with miR-142-3p in epithelial 

cancers (202) and has correlates with oral cancer progression (202,203). These findings are 

consistent with previous gene expression data showing a decrease in TGFBR1 expression in oral 

cancer cell lines compared to normal primary lines (111,194,204). Additionally it is well 

established that the 3’UTR of TGFBR1 is capable of binding miR-142 3p (202,205) 

To determine if miR-142-3p targets TGFBR1 in OSCC, we stably over-expressed miR-

142-3p in Cal27 and DOK cells (creating miR-142 OE lines). To confirm that increased miR-

142-3p was excreted via SEVs, SEVs from Cal27 miR-142 OE and Cal27 OE Control cells were 

collected and qRT-PCR was performed on RNA collected from each cell type. This analysis 

demonstrated that miR-142-3p was increased 8.71 fold in SEVs collected from miR-142 OE 

cells as compared with OE Control cells (Supplemental Fig. 5.3 D). A western blot for TGFBR1 

expression in these cells confirmed a decrease in TGFBR1 expression (Fig. 5.3A). Analysis of 

western blot results showed that miR-142-3p over-expression was associated with a decrease in 

TGFBR1 expression by 70.1% in DOK cells and 40.0% in Cal27 cells. This led to a decrease in 

the phosphorylation of downstream genes SMAD2 and SMAD3 (Supplemental Fig 5.3 E). 

Western blots on Cal27 Rab27A KD 5295 and DOK KD 5295 showed no effect (not shown) on 

TGFBR1 expression. Rab27A’s known role is to traffic exosomes to the plasma membrane, this 

may suggest that miR-142-3p is sequestered within the cell. 
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Figure 5.3 Effects of miR-142-3p over-expression. A: Western blot for TGFBR1levels in DOK and Cal27 with 
miR-142 OE or OE Control vectors, percent change values were calculated in ImageJ with levels normalized to 
GAPDH, and show a decrease in TGFBR1 expression of 70.1% in DOK and 40.0% in Cal27. Additionally Cal27 
and DOK miR-142 OE cells were infected with TGFBR1 and Control ORF rescue vectors and shown at a lower 
exposure time. The growth of B,D: Cal27 and C,E: DOK by MTT proliferation assay, B and C demonstrating the 
effect of miR-142-3p over-expression and D,E demonstrating phenotypic rescue by the addition of TGFBR1 ORF 
vector. P values were determined by Student’s t-test on the final day, error bars represent standard deviation. 
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5.3.4 MiR-142-3p Decreases the Growth Rate of Oral Cell Lines 

Cal27 and DOK miR-142 OE and OE Control cell lines were tested for the effect of 

increased miR-142-3p on cellular proliferation using an MTT assay (Fig. 5.3B and C). MiR-142-

3p had a significant inhibitory effect on the growth of DOK and Cal27, a finding that is 

consistent with the known role of TFGBR1 (206). This effect was abrogated by the co-infection 

of Cal27 and DOK miR-142 OE lines with TGFBR1 ORF clones lacking the 3’UTR binding site 

of miR-142-3p (Fig. 5.3D and E). To analyze the effect of miR-142-3p increase on anchorage 

independent growth a colony formation assay was performed on Cal27 cell lines with either the 

miR-142 OE or Control OE vectors added (Supplemental Fig. 5.3 F). (DOK cells were excluded 

from this assay as dysplastic cells do not form colonies). From three replicates, Cal27 OE 

Control cells grew 2.8 fold more colonies on average compared to Cal27 miR-142+ (p = 0.002). 

No differences in colony size were noted. Taken together, these data suggest that over-

expression of miR-142-3p in oral cancer and dysplasia cells is associated with reduced 

carcinogenicity in vitro at least partially due to by decreasing TGFBR1 expression.  

5.3.5 MiR-142-3p Induces Angiogenesis in vitro 

CD63 is associated with intracellular vesicles and SEVs. Fluorescent SEVs from Cal27 

cells expressing GFP-labeled CD63 were added to the media of HMEC1 cells growing in 96-

well plates and examined under a fluorescent microscope after 48 hours (Fig. 5.4A). Uptake of 

fluorescent SEVs was observed in the HMEC1 cells in a perinuclear fashion.  
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Figure 5.4 Effects of SEV Transfer. A: White light and fluorescent images of HMEC1 cells with and without the 
addition of CD63-GFP stained SEVs under phase contrast. All tube formation assay images were taken 16 hours 
after seeding. B: Tube formation assay on HMEC1 cells with the addition of SEVs from Cal27 OE Control and 
Cal27 142 OE. C,D: Average length of formed tubes, with SEV addition to HMEC1 cells (C) or over-expression of 
miR-142-3p (D). Averages were measured in three fields of view across three wells; error bars represent standard 
deviation and p values were determined by Student’s t-test. E: Tube formation assay in HMEC1 cells over-
expressing miR-142-3p or the OE Control vector.  F: Western blot for TGFBR1 and GAPDH comparing the levels 
in HMEC1 cells after the addition of SEVs extracted from Cal27 OE Control or Cal27 miR-142 OE cell lines and 
HMEC1 cells expressing miR-142 OE or OE Control vectors. Percent change values were calculated in ImageJ with 
levels normalized to GAPDH; there was a decrease of 36% and 79% respectively in the levels of TGFBR1 between 
cells given OE Control SEVs and cells given miR-142 OE SEVs when compared to cells given no SEVs. There was 
a decrease of 78% TGFBR1 levels between HMEC1 OE Control cells and HMEC1 miR-142 OE cells. 
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When expression of TGFBR1 is lower in endothelial cells it has been shown to reduce 

apoptosis and increase proliferation (207). In vitro tube formation assays are a common surrogate 

of angiogenesis (208). To determine if SEVs and, more specifically, miR-142-3p within SEVs 

has an impact on angiogenesis, we added SEVs from Cal27 142 OE and Cal27 OE Control to the 

media of a tube formation assay performed on HMEC1 cells (Fig. 5.4B). All treatment groups 

were capable of forming tubes, with miR-142 OE SEVs stimulating development of tubes 

approximately 1.14 times longer than cells that received SEVs from OE control Cal27 cells. 

HMEC1 cells with OE Control SEVs added, developed tubes approximately 1.54 times longer 

than those observed in cells that were not exposed to SEVs (Fig.  5.4C). The difference in tube 

formation between HMEC1 cells with OE Control SEVs and no SEVs could be due to the 

transfer of the wild-type quantity of miR-142-3p, or could be due to the inclusion of other factors 

known to effect angiogenesis for example mIR-150-5p (14). To confirm that miR-142-3p was 

responsible for at least a proportion of the increase in angiogenesis, the experiment was repeated 

on HMEC1 cells expressing the miR-142 OE or OE Control vectors with no SEVs added (Fig. 

5.4D and E). A similar trend was observed with miR-142-3p over-expression causing a 

significant 1.2-fold increase in tube length relative to HMEC1 cells receiving the OE Control 

vector. Taken together, these data suggest that miR-142-3p is one factor present in SEVs capable 

of inducing angiogenesis. The same target of miR-142-3p identified in oral cancer cells, 

TGFBR1, showed a decrease with the addition of miR-142-3p to endothelial cells both via over 

expression and the addition of SEVs (Fig. 5.4F).  
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Figure 5.5 Tube Formation Phenotypic Rescue. A: Western blot for TGFBR1, compared to the loading control 
GAPDH, for HMEC1 cells expressing TGFBR1 ORF or Control ORF vectors, with the addition of miR-142-3p 
from direct over-expression or the addition of SEVs from Cal27 miR-142 OE. B: Average length of tubes formed in 
HMEC1 cells expressing TGFBR1 ORF or Control ORF rescue vectors, with either co-expression of miR-142 OE 
vector or addition of Cal27 miR-142 OE SEVs. Error bars represent standard deviation and P values were 
determined by Student’s t-test. C: Tube formation micrographs of HMEC1 rescue lines. 
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In order to confirm that alterations to TGFBR1 expression were not incidental to the 

findings of alterations in tube formation a phenotypic rescue was performed by the addition of 

exogenous TGFBR1 with an altered 3’UTR, allowing for high TGFBR1 expression in the 

presences of miR-142-3p (Fig 5.5 A). TGFBR1 over expression caused a decrease in tube 

formation of 33% in HMEC1 cells over expressing miR-142-3p, and a decrease of 29% when 

SEVs from Cal27 miR-142 OE were added (Fig. 5.5 B and C). 

 

5.3.6 Secreted miR-142-3p is Associated with Increased Vascular Density in vivo 

We were interested in whether SEV secretion and miR-142-3p over-expression affected 

primary tumor growth and the solid tumor microenvironment. Attempts to inhibit the secretion of 

only miR-142-3p by MISSION miRNA inhibitors (Sigma-Aldrich) were unsuccessful as the 

inhibitory effect was not transferred into SEVs and donor cell expression of miR-142-3p was 

already low. To determine the effect of reducing SEV production on tumorigenesis, we 

subcutaneously implanted Rab27A knockdown cells (which reduced secretion of SEVs and as a 

result, global secreted miRNA content) in SCID mice. Rab27A knockdown tumors showed 

decreased growth, blood vessel density, and vascular function, and increased tumor hypoxia (Fig. 

5.6 and 5.7). 
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Figure 5.6 Tumor Xenografts. A: Average tumor volume over 35 days measured twice weekly in mice injected 
with 2 million Cal27 cells with Control shRNA (n=8), Rab27A 5296 shRNA (n=7); or the over-expression vectors 
OE Control (n=7) or miR-142 OE (n=8). Error bars represent standard error. B: Tumor mass taken upon excision on 
day 35 of Rab27A and Control shRNA tumors and on day 33 of miR-142 OE and OE Control tumors. Box plots 
showing BRDU positive nuclei relative to all nuclei (C); Blood Vessel CD31 staining (D) Hoechst perfusion 
staining (E) and Pimonidazole Hypoxia staining (F) relative to tumor area. A-F: All p values were calculated with 
Student’s t-test.  
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Figure 5.7 Tiling images of tumor cross sections. Images are shown with their associated higher magnification 
images in red boxes. Staining for all nuclei with DAPI (Blue), BRDU (Red), and Pimonidazole (Green) A-D; and 
Injected Hoechst (Blue), CD31 (Red) and Pimonidazole (Green) E-H. With Control shRNA (A,E), Rab27A shRNA 
(B,F) OE Control (C,G) and miR-142 OE (D,H) tumors. 
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To further elucidate the function of miR-142-3p in vivo, we analyzed the impact of miR-

142-3p over-expression in mouse xenograft models of oral cancer. Mir-142-3p over-expression 

significantly decreased the growth rate of implanted tumors (Fig. 5.6A and B), consistent with 

our cell culture findings that indicated that miR-142-3p has an intracellular tumor suppressive 

effect. We were interested in determining if there was a difference in the proliferative fraction of 

cells in the primary tumor and therefore measured staining with BrDU which incorporates into 

cells in S-Phase. No differences were observed between treatment groups (Fig. 5.6C). 

Interestingly, miR-142-3p over-expressing tumor xenograft tissues also showed increased 

vascular density (Fig. 5.6D). The increased number of endothelial cells resulted in an increase in 

tissue perfusion, suggesting that the blood vessels were functional (Fig. 5.6E). Increased miR-

142-3p also led to a decrease in tumor hypoxia (Fig. 5.6F), though hypoxia may be caused by 

either under-supply or over-consumption of O2. This was determined using BrdU a synthetic 

analog of thymidine which incorporates into DNA that has been replicated in the 90 minutes 

between injection and euthanasia. No significant differences were observed, which suggests the 

observed difference in hypoxia was due to blood supply rather than O2 consumption, however 

this assumes the cellular metabolic rate was otherwise similar. These data have shown an 

increase in functional blood vessels in tumors with over-expression of miR-142-3p but also a 

decrease in tumor growth. 

 

5.4 Discussion 

We sought to determine if SEV-mediated release of specific miRNAs could 

simultaneously drive malignant processes by multiple mechanisms. MiR-142-3p, miR-451a, 

miR-150-5p, and miR-223-3p were found to be consistently enriched in the SEVs of oral cancer 
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and dysplasia cell lines relative to their expression inside the donor cells, complementing 

previous work showing that miRNAs may be selectively packaged into SEVs in a cell state / cell 

type-specific manner (14,172,185,186). These miRNAs have predominantly been shown to be 

tumor suppressive in cancer cells (202,209-211), though this does not preclude an oncogenic role 

in other contexts. For example, SEV-mediated introduction of miR-223-3p and miR-150-5p to 

tumor stroma may facilitate evasion of immune responses (212,213).  

Secretion of the above miRNAs has been associated with different malignancies: miR-

451a has been reported as highly expressed in colon cancer SEVs (214), miR-451a and miR-223-

3p have been reported as up-regulated in serum samples from esophageal cancer patients (215), 

and SEVs from monocytes containing miR-150-5p has been reported to promote angiogenesis 

(14). These earlier findings, combined with the knowledge that cancer cell lines secrete larger 

amounts of SEVs than non-cancerous lines (172,185), suggest that the SEV-mediated miRNA 

excretion plays a role in promoting the growth of the tumor cell itself, as well as the tumor 

stroma. These findings align with clinical data showing that high Rab27A expression, and the 

presumed increase in SEV release that follows, is a poor prognostic indicator in many cancer 

types (216-218). Selective retention of miR-502-5p by donor cells may be attributable to an as-

yet-undetermined oncogenic function.  

MiR-142-3p was selected for follow-up analysis in part because we saw the most 

consistent increase in its concentration due to shRNA-mediated SEV inhibition (Fig. 5.2C). Most 

other miRNA candidates exhibited varying increases in concentration due to Rab27A inhibition 

(Fig. 5.2C), with miR-451a appearing unaffected (a finding that suggests that this miRNA is 

excreted from the cell in a Rab27A-independent manner). ShRNA-mediated inhibition of 

Rab27A caused a 12-fold increase in the concentration of miR-142-3p in donor Cal27 cells, 



92 

 

while also reducing the amount of SEV-excreted miR-142-3p by approximately half. Since 

increased miR-142-3p expression in donor cells caused decreased growth (Fig. 5.3A and B), this 

suggests that increased SEV-mediated miR-142-3p secretion may be a means of removing this 

tumor suppressive effect, a finding that is similar to one reported for miR-23b-3p in bladder 

cancer cells (13). 

Earlier reports have described SEV-secreted miR-150-5p and other miRNAs as pro-

angiogenic factors that mediate cell-cell communication in cell models (14,16,187,188). We 

have reported SEV-secreted miR-142-3p as an additional pro-angiogenic factor based on our 

findings that show increase tube formation in endothelial cells (Fig. 5.4). Mouse model 

experiments showed that miR-142-3p over-expression led to increased functional blood vessel 

density and associated decreases in hypoxia. It remains a possibility that this phenotype could 

have been caused not only by angiogenesis, as suggested by in vitro analysis but also 

vasculogenesis and reduced loss of existing blood vessels. Future research on miR-142-3p’s 

effect on these pathways would be illuminating. It seems as if the blood vessel density promoting 

effect of miR-142-3p was insufficient to rescue the proliferation decreasing effects of the 

miRNA, and raises the question of what would happen if only secreted miR-142-3p was 

increased with no effect on intercellular levels. It is interesting to examine the treatment 

implications of our results as it is generally expected that tumors with lower levels of hypoxia, 

are more sensitive to chemotherapy. In OSCC hypoxic tumors are resistant to frontline 

treatments with 5-Flurouracil and cisplatin. This is mediated by hypoxia induced cell cycle arrest 

as well as the activation of drug efflux pathways via HIF1a (219,220). Vascular density could 

also increase the availability of reactive oxygen species thereby increasing radiation sensitivity 

(220). 
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Significantly, we report that SEV-mediated release of miR-142-3p appears to facilitate 

multiple malignant processes at the same time; selective exclusion of miR-142-3p mitigates its 

tumor suppressive growth inhibitory effect in donor oral cancer cells, while also inducing pro-

angiogenic activity in recipient cells in associated stroma. Both of these processes involve altered 

activation of TGFBR1, which mediates TGFB pathway signaling and has been reported to 

possess both oncogenic and tumor suppressive activity (207,221,222). TGFBR1 and the TGFB 

pathway in general are known to play a complex role in vascular homeostasis, with both pro- and 

anti-angiogenic effects. Knockout of TGFBR1 can lead to fragility and malformations in blood 

vessels while enzymatic inhibition can lead to angiogenesis (223-225). The angiogenic effects of 

TGFBR1 appear to be context specific which other researchers have noted increases the 

difficulty in  understanding the pathway’s molecular action (224,226). While this study 

examined tube formation in vitro, and changes in vascular density in vivo leading to decreased 

hypoxia, further work is needed to assess the complete role of TGFBR1 inhibition on the course 

or OSCC. 

In vivo analysis on Rab27A inhibition (Fig. 5.6) demonstrates effects on the tumor 

stroma, opposing the effects of miR-142-3p over-expression. There is a decrease in functional 

vasculature suggesting that Rab27A plays a tumor promoting role. This is consistent with the 

hypothesis that the wild type level of secreted miR-142-3p causes increases in blood vessel 

density and this effect is removed upon Rab27A knockdown. Rab27A knock-down does not 

affect TGFBR1 levels within the cancer cell likely due to the miRNAs being sequestered from 

the cytosol. Therefore the decrease in growth seen in the Rab27A KD mice is likely due to the 

effects of decreased nutrient supply from the limited vascular density. While these results are 

consistent with a miR-142-3p centered affect, follow up analysis could elucidate an additional 
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role of other secreted miRNAs and proteins, as there are many other associated factors 

transferred to the stroma in a Rab27A dependant manor. Previous researchers have demonstrated 

a complementary tumor-promoting effect of Rab27A on metastasis (227,228). Future studies will 

demonstrate the mechanism by which Rab27A promotes vascular density, and tumor cell growth. 

We also predict there is a functional role of SEV signaling to endothelial cells in the formation of 

pre-metastatic niches, which would complement others’ work on the topic (229). 

In summary, we have found evidence of selective (rather than indiscriminate) SEV 

packaging of four miRNAs for exclusion from oral cancer and dysplasia cell lines, as well as 

selective retention of one miRNA by these same cells. Follow up analysis of one miRNA 

selectively excluded via SEVs, miR-142-3p, showed that its release leads to both increased 

growth in donor cells and enhanced tumor supporting potential in cells in associated stroma, both 

via altered expression of TGFBR1. Further studies building on this work are needed to 

characterize the machinery driving selective SEV packaging of miRNAs, and to identify the 

selective forces that alter the behavior of this machinery in the context of malignancy. 
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Chapter 6: Secretion of miR-142-3p in Lung Cancer Induces Angiogenesis 

and Fibroblast Activation 

6.1 Introduction 

In the previous chapters we have focused on OSCC which is the 8th most common cancer 

worldwide (86). We wished to determine if any of the information gained from the analysis of 

secreted miRNAs in HNSCC is applicable to other cancer types. Worldwide, the leading cause of 

cancer death is lung cancer, the majority of cases are non-small cell lung carcinomas (NSCLC) 

(86). The largest subgroup is adenocarcinoma which shares a similar risk profile with OSCC, 

notably both are highly linked to smoking (86). 

Increasing attention has been paid to the study of secreted miRNAs in lung cancer. In a 

similar fashion to oral cancer there are a substantial number of miRNAs that have been identified 

as lung cancer biomarkers (230). Multiple groups have also examined the ability of lung cancer 

miRNAs secreted via SEVs to act as cell-to-cell communicators. Adenocarcinoma SEVs are 

capable of increasing the metastatic potential of otherwise poorly metastatic cell lines in lung 

tissue and lymph nodes by the action of miR-494-3p and miR-542-3p on the pre-metastatic 

stroma (18). Additionally, miR-21-5p and miR-29a-5p are capable of causing pro-inflammatory 

changes in immune cells through action on the toll-like receptor, TLR8 (231). This complements 

the work that researchers have done to examine the cancer to stroma communication ability of 

SEV miRNAs which have been shown to promote angiogenesis, and activate the growth 

promoting properties of fibroblasts (14,16,187,232,233). For example in breast cancer miR-9-5p 

can be transferred to normal fibroblasts to act upon E-cadherin, causing them to transform into 
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cancer associated fibroblasts (CAFs). This activates many genes involved in wound healing 

which can also support tumor growth (232), as well as chemoresistance (234).  

Previous work in oral cancer has shown that SEV secretion allows for the removal of the 

inhibitory effect of miR-142-3p on TGFBR1 (Chapter 5), a protein known to promote cell 

growth in lung cancer cells (235). Oral cancer cells then transfer miR-142-3p to endothelial cells 

where there is a TGFBR1 mediated increase in angiogenesis (Chapter 5). In previous research, 

we have shown that in lung adenocarcinoma cell lines, miRNAs including miR-142-3p are 

selectively secreted from the cells via SEVs (citation pending). We theorize that the secretion of 

miR-142-3p from lung cancer cells also promotes the creation of an oncogenic tumor stroma. 

Determining the function of secreted miR-142-3p in lung adenocarcinoma will be important in 

order to determine the molecular mechanisms that drive this disease, and increase our knowledge 

of how SEV miRNAs assist in modifying the tumor microenvironment. 

 

6.2 Materials and Methods 

The Methods utilized were the same as those in Chapter 5 unless otherwise mentioned. 

 

6.2.1 Cell Lines 

Cell lines were obtained from ATCC, the lung adenocarcinoma cell lines H1437 and 

H2073 were cultured in RPMI 1640 media with 10% FBS, according to the supplier’s guidelines. 

HMEC1, Wi-38 and 293T cells were cultured in DMEM media supplemented with 10% FBS.  
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6.2.2 SEV Isolation 

SEVs were isolated as described in Chapter 5, with the use of 1% depleted FBS 

supplemented RPMI media for SEV collection in lung cancer cells.  

 

6.2.3 Fibroblast Activation Experiment 

 Wi-38 cells were seeded in 96 well plates and after reaching 30% confluency SEVs 

isolated from 1, 15cm plate of H1437 or H2073 cells were added to the culture media per well. 

The media was replaced at 24, and 48 hours with additional SEV containing media. Protein and 

RNA extractions occurred at 72 hours after SEV addition.  

 

6.2.4 Western Blotting 

RIPA buffer with 1:100 phosphatase inhibitor cocktail I & II (Sigma-Aldrich) and 

protease inhibitor (Thermo Fisher Scientific) was used to lyse EVs and cells. Protein was 

quantified using a Pierce BCA kit (Thermo Fisher Scientific). 10μg of protein was run on a 

NuPAGE 4-12% Bis-Tris Gels (Thermo Fisher Scientific) and then transferred to PVDF 

membranes (Millipore). Membranes were blocked in 5% BSA, 1x TBS, and 0.1% Tween-20 for 

1 hour at room temperature. Primary antibodies 1:1000 anti-TGFBR1 (AF3025, R&D Systems), 

1:8000 anti-GAPDH (2118, Cell Signaling Technology), 1:2000 α-SMA (14968, Cell Signaling), 

1:1000 Desmin (PA5 16705, Thermo Fisher Scientific), 1:1000 PDGFR-β (SC-432, Santa Cruz 

Biotechnology)  were applied for 16 hours at 4°C. All antibodies were diluted in blocking buffer. 

Horseradish peroxidase conjugated secondary antibodies 1:2000 anti-mouse (NXA931, GE 

Healthcare) or 1:2000 anti-rabbit (7074, Cell Signaling Technology) were applied for 1 hour at 
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room temperature. Quantification was performed with normalization of TGFBR1 to GAPDH 

using the ImageJ ‘gel analysis’ function.  

 

6.3 Results 

6.3.1 miRNA is Transferred From Lung Cells to Endothelial Cells 

In order to determine if SEVs from lung adenocarcinoma cells can be transferred to 

endothelial cells, SEVs from both H1437 OE Control and H2073 OE Control cells were 

collected and transferred to HMEC1 cells in 96 well plates, incubated for 48 hours, and then 

compared to cells receiving no additional SEVs. Measured using qRT-PCR, cells receiving SEVs 

had a 2.4 (H1437) or 2.3 (H2073) fold greater level of miR-142-3p then those receiving none 

(Fig. 6.1). To determine if this effect was caused by miRNA transfer and not an induction of 

local miRNA expression by way of some other SEV contained factor, this experiment was also 

performed using SEVs collected from H1437 and H2073 cells over-expressing miR-142-3p. 

SEVs collected from cell lines over expressing miR-142-3p had 3.4 and 5.1 times higher 

concentrations of miR-142-3p than OE Control SEVs from H1437 and H2073 cell lines 

respectively. The addition of these SEVs increased concentration of miR-142-3p in HMEC1 

receiver cells by 8.7 and 9.5 fold for SEVs from H1437 and H2073 respectively (Fig. 6.1). The 

difference in miR-142-3p levels between cells receiving SEVs from H1437 and H2073 is likely 

explained by the increased concentration of miR-142-3p in the SEVs of H2073.  
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Figure 6.1 Transfer of miRNA to endothelial cells from lung cancer SEVs. Results of miR-142-3p qRT-PCR on 
HMEC1 cells after the addition of SEVs isolated from H1437 or H2073 cells infected with either miR-142-3p or 
control over-expression vectors. Levels of miR-142-3p were normalized to levels of U6 sno-RNA. 
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6.3.2 Secreted miR-142-3p Promotes Angiogenesis  

To determine if secreted miR-142-3p was capable of promoting angiogenesis we 

performed a tube formation assay on HMEC1 endothelial cells. Endothelial cell cells were in 

three treatment groups, those receiving no SEVs, those receiving SEVs from OE Control cells 

and those receiving SEVs from miR-142 OE cells. This was performed with SEVs derived from 

both H1437 and H2073 cells. All treatments were capable of forming tubes (Fig 6.2 A-F, I) and 

the addition of OE Control SEVs increased tube formation by 9% (p=0.02), and 23% (p=0.04) 

for SEVs from H1437 and H2073 respectively. The addition of miR-142-3p OE SEVs increased 

tube formation by 37%, (p=0.001 H1437) and 40% (p=0.03 H2073) when compared to the 

HMEC1 cells with no SEVs added. This difference was 26% (H1437) and 22% (H2073) more 

when compared to the addition of OE Control SEVs. To confirm alterations in tube formation 

were a result of miR-142-3p, the tube formation assays were repeated with direct over expression 

of miR-142-3p (Fig 6.2 G-I). This caused a greater increase in tube formation (40%) than the 

addition of SEVs. 
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Figure 6.2 The effect of miR-142-3p on tube formation assays. Tube formation assays on HMEC1 cells with the 
addition of SEVs of H1437 or H2073 cells infected with a miR-142-3p (A,D) or control (B,E) over-expression 
vector compared to HMEC1 cells with no SEVs added (C,F). Tube formation assays comparing HMEC1 cells 
infected with miR-142-3p (G) or control (H) over-expression vectors. I: The average tube length across 3 wells. 
Error bars represent standard deviation and p values were calculated by 2 tailed equal variance t-test. 
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6.3.3 Secreted miR-142-3p Targets TGFBR1 in HMEC1s 

We have previously shown that SEV transferred miR-142-3p can promote angiogenesis 

by acting upon the gene TGFBR1 (Chapter 5) in oral cancer, through interaction with the gene’s 

3’UTR (202,205). To establish the same pathway caused alterations in tube formation in lung 

adenocarcinoma, SEVs from H1437 cells or H2073 cells with mIR-142 OE or OE Control 

vectors were added to HMEC1 cells in 96 well plates. 48 hours after SEV addition, protein was 

extracted from these cells and compared to HMEC1 cells grown without the addition of SEVs. 

There was an observed decrease of TGFBR1 in HMEC1 cells receiving OE Control SEVs from 

H1437 cells of 66% and a decrease of 37% with OE Control SEVs from H2073 cells (Fig. 6.3). 

The decrease in TGFBR1 was larger when cells received SEVs from miR-142 OE cell lines. 

With SEVs isolated from H1437 cells, the decrease was 83% and with SEVs isolated from 

H2073 cells the decrease was 55% (Fig 6.3). To confirm that TGFBR1 was inhibited by miR-

142-3p and not an alternate property of the SEVs, HMEC1 cells were directly infected with miR-

142-3p, causing a decrease in TGFBR1 expression of 91%. 
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Figure 6.3 The effect of miR-142-3p on TGFBR1. Western blots on TGFBR1 on HMEC1 cells after the addition 
of SEVs from H1437 or H2073 cells infected with miR-142 OE or OE Control vectors. Also shown are western 
blots from HMEC1 cells infected directly with miR-142OE or OE Control vectors. GAPDH was used as a loading 
control. 
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These data are merely correlative and it is possible that the interaction between miR-142-

3p and TGFBR1 is incidental to the finding of an alteration in tube formation. In order to rule out 

this possibility, we performed a phenotypic rescue experiment in HMEC1 cells, infected with a 

TGFBR1 ORF clone, which was insensitive to inhibition from miR-142-3p (Fig 6.4 A). This 

experiment showed that tube formation was decreased upon over-expression of TGFBR1 even 

with the addition of miR-142 OE SEVs, from H1437 or H2073. This caused a decrease in tube 

formation of 34 and 35% respectively (Fig 6.4 B-F). 
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Figure 6.4 TGFBR1 rescue and its effect on tube formation. A: Western blot of TGFBR1 confirming rescue in 
HMEC1s, in the presence of miR-142-3p over-expressing cell lines. B-E: Representative images of tube formation 
assays in HMEC1s with TGFBR1 ORF (C, E) or Control ORF (B, D) vectors after the addition of SEVs from miR-
142-3p over-expressing H1437 (B,C) and H2073 (D,E) cell lines. F: Average tube length determined using ImageJ 
macro ‘Angiogenesis Analyzer across three wells. Error bars represent standard deviation and p values were 
calculated using students t-test. 
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6.3.4 Secreted miR-142-3p Promotes Cancer Associated Fibroblast Transformation 

The most common cells in the tumor stroma are fibroblasts (236), and would therefore 

likely also receive a large proportion of tumor SEVs. In tumors, fibroblasts can be transformed 

into CAFs to play a pro-inflammatory role in a similar way to wound repairing myofibroblasts 

(236). To determine if SEV secreted miR-142-3p promotes the development of CAF markers, 

SEVs from H1437 and H2073 cells were added onto Wi-38 lung fibroblasts and replaced every 

day for 3 days. This addition of OE Control SEVs from H1437 and H2073 led to an increase of 

Wi-38 miR-142-3p concentration of 2.5 fold and 2.0 fold respectively. The addition of miR-142 

OE SEVs from H1437 and H2073 cells led to an increase in miR-142-3p of 11.1 and 8.4 fold 

respectively (Fig 6.5 A). Western blots were performed on the proteins Desmin, α-SMA, and 

PDGFR-β (Fig 6.5 B) which are positively correlated with fibroblast activation and CAF 

transformation (234). There is a large increase in the concentration of α-SMA after the addition 

of SEVs, and a noticeable increase in the amount of PDGFR- β detected. Desmin which is highly 

expressed in cells that did not receive SEVs, did not have a change in expression. In contrast to 

endothelial cells the protein TGFBR1 showed only minor changes (Fig 6.5 C), suggesting that 

miR-142-3p causes fibroblast activation through another target. 
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Figure 6.5 The effect of miR-142-3p SEVs on CAFs. A: qRT-PCR results for miR-142-3p in Wi-38 fibroblasts 
after the addition of SEVs from H1437 or H2073 cells, with or without the over-expression of miR-142-3p. B: 
Western blots for CAF markers, PDGFR-β, Desmin, α-SMA and the loading control Histone H3. Wi-38 fibroblasts 
were tested after the addition of SEVs from H1437 or H2073 cells containing OE Control or miR-142 OE vectors. 
C: Wi-38 cell western blots on TGFBR1 and the loading control GAPDH after the addition of SEVs from H1437 or 
H2073 cells infected with miR-142 OE or OE Control vectors. 
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6.4 Discussion 

In NSCLC it appears that miR-142-3p is removed from the lung cells to eliminate its 

tumor suppressive effect (202,205,235), we show that it is then transferred to endothelial and 

fibroblast cells where it has an oncogenic effect. The idea that a miRNA may be selectively 

secreted as a means of disposal has been proposed with let-7 in gastric cancer and miR-23b-3p in 

bladder cancer (89). In oral cancer, miR-142-3p secretion has been shown to serve a dual role 

(Chapter 5). The miRNA which is growth suppressive locally can also induce angiogenesis 

through SEV transfer. We demonstrate the angiogenesis promoting effects of miR-142-3p 

transfer from lung cancer cells and additionally examine the ability of this miRNA to induce 

CAF transformation. Mir-142-3p’s complex role in lung tumor initiation and growth could 

explain why a decrease in the expression of miR-142-3p isn’t selected for as a means to reduce 

the growth inhibitory effects on cancer cells. 

SEV transfer of miR-142-3p to fibroblasts induces increased expression in the CAF 

markers α-SMA and PDGFR-β but not Desmin. Other researchers detected Desmin in unaltered 

Wi-38 cells, with less noticeable increases upon activation when compared to α-SMA (237). 

Combined these markers have been associated with CAFs and myofibroblasts however future 

research will need to establish miR-142-3p’s ability to induce the functional traits associated 

with CAFs. It is interesting that TGFBR1 appeared to only have minor alterations from miR-

142-3p SEV addition. TGFB signaling in fibroblasts would be expected to increase CAF 

development, and a TGFBR1 reduction would decrease this (238). We speculate that there is 

some feedback mechanism to keep the expression of this gene high. 

 We have shown that the release of miR-142-3p from lung cancer cells via SEVs is 

capable of promoting angiogenesis by targeting the gene TGFBR1. TGFBR1 in endothelial cells 
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can cause apoptosis and its inhibition is capable of increasing proliferation (207). Previously 

miR-142-3p has been show to target TGFBR1 in NSCLC cells (202), however TGFBR1 has an 

unusual role in promoting cancer growth. It is known to play a tumor suppressive role early on in 

cancer initiation (239), and its absence leads to spontaneous squamous cell carcinoma formation 

(240). However in non-small lung cancer TGFBR1, plays an oncogenic role, with inhibition of 

TGFBR1 leading to increased growth and invasive potential of the cancer cells (241). Analysis 

of patient plasma samples have shown that high TGFB levels are a negative prognostic indicator 

in lung cancer suggesting that over-activation of the pathway at late stage increases cancer 

aggressiveness (242). Our work has examined the role of miR-142-3p with regards to TGFBR1, 

however miRNAs are known to be capable of targeting many mRNAs, for example HMGB1 is 

also targeted by miR-142-3p in NSCLC (243). It is therefore important to consider that miR-142-

3p’s action in promoting angiogenesis may additionally involve other targets. 

   The role of TGFBR1 in lung cancer patients seems to be related to the role of miR-142-

3p. Examination of serum miRNA shows that miR-142-3p is a biomarker for increased 

aggressiveness in operable NSCLC (244). This same study showed lower levels of miR-142-3p 

in individuals with benign conditions and individuals with advanced stage disease (244). 

Advanced lung cancer is characterized by tumor necrosis due to insufficient neovascularization 

with a corresponding reduced ability to deliver blood and nutrients. This could partially be 

explained by the decreased blood concentration of the pro-angiogenic miR-142-3p (244). Other 

researchers however have demonstrated that in NSCLC the level of angiogenesis does not appear 

to be correlated with the level of necrosis (245). Additionally the levels of other pro-angiogenic 

factors such as VEGF tend to increase with progression of the disease (246), leading to the 

hypothesis that the demand for oxygen and nutrients is the determining factor in necrosis rather 
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than the supply. In NSCLC angiogenesis appears to be a negative prognostic indicator for both 

aggressiveness and survival (247-250). The more widely studied angiogenesis promoter VEGF 

has been shown to be targetable by the drug bevacizumab in NSCLC, causing modest 

improvements in survival (251). It is possible that in a similar fashion secreted miR-142-3p is a 

potential druggable target which would likely play a larger role in early stage, yet aggressive 

disease. The dual role of miR-142-3p in lung cancer increases the complexity of any potential 

therapy. 

In summary we have shown that miR-142-3p secreted from lung cancer cells is capable 

of being trafficked to endothelial and fibroblast cells. In endothelial cells the miRNA targets the 

gene TGFBR1 in order to eliminate its anti-angiogenic effect. SEV transfer of mIR-142-3p is 

capable of inducing fibroblast activation, a phenotype associated with tumor supportive CAFs. 

We have demonstrated additional mechanisms by which cancer cells interact with the tumor 

stroma to create a favorable microenvironment. 
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Chapter 7: Discussion and Conclusion 

 

7.1 Summary of Findings 

Building upon the utility of the standard therapies: surgery, radiation and chemotherapy, 

recent developments in targeted therapy and tumor detection have had limited success in 

improving the approximately 50% survival rate of OSCC over 5 years. There remains a 

continuing need to develop new modalities for treating oral cancer. Current methods to diagnose 

OSCC have encountered difficulty especially when assessing disease recurrence, due to large 

scale alterations in the structural anatomy of the oral cavity that occurs following treatment with 

surgery and radiation. Improvements in detection can lead to an earlier application of existing 

and future treatments. The continued creation of novel OSCC treatments will require gaining an 

in-depth knowledge on OSCC biology to identify druggable targets in the tumor stroma as well 

as the cancer cells themselves. The work described in this thesis describes the creation of a 

secreted miRNA biomarker panel for oral cancer with the potential to differentiate individuals 

with OSCC/CIS from HCs. I have also completed an in depth examination on the functional role 

of miRNAs secreted from oral cancer cells. We have also demonstrated that the information 

gained here is also informative when studying lung adenocarcinoma, which shares many of the 

same miRNA alterations found in OSCC. 

 

7.1.1 Biomarker Analysis of Individuals with OSCC and CIS 

Chapter 3 of this thesis focuses on the investigation of a panel of miRNAs capable of 

differentiating between healthy individuals and patients with either OSCC or CIS. In this chapter 

48 individuals with OSCC or CIS were compared to 51 healthy individuals on their expression of 
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a panel of 742 miRNAs by way of qRT-PCR. Logistic regression was used to create a subset 

panel of 14 miRNAs in which to perform verification analysis at a higher throughput. These 

miRNAs were assessed for their ability to remain informative when utilizing a different platform 

and this ultimately led to the creation of a panel of 6 miRNAs (and one endogenous control) 

comprised of miRNAs: miR-125b-5p, miR-342-3p, miR-23a-3p, miR-205-5p, miR-145-5p and 

miR-33a-5p. MiR-23b-3b was selected as the endogenous control. While we predicted this panel 

of miRNAs would have a sensitivity and specificity of approximately 0.87 and 0.92 respectively, 

this represented an optimistic best case scenario. A validation of this miRNA panel on an 

independent test set was used as conformation. As this test set did not influence the selection of 

the miRNAs in the panel this is a better approximation of the clinical utility of the biomarker 

test. In the independent test set we were capable of differentiating serum samples of individuals 

with OSCC/CIS from those without, with a sensitivity and specificity of 0.45 and 0.96 

respectively and an AUC of 0.90. This suggests that the statistical test has a validated ability to 

separate OSCC/CIS samples from HCs but has an unreliable ability to make calls. There is an 

unaccounted for bias towards the selection of fewer cancer samples in the group that tested 

positive. The miRNA panel was assessed for its robustness to errors in the qRT-PCR platform 

and it was found that simulated random errors were not the cause of the changes between 

training and test sets. 

 

7.1.2 Assessment of Cell lines and Their Ability to Act as an Oral Cancer Model 

To complement previous researchers’ work on commonly used oral cancer cell lines, in 

Chapter 4 I examined a group of commonly used normal oral keratinocyte cells and assessed 

them for molecular alterations which would not be expected in healthy tissue. These cells were 
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assessed for molecular alteration to DNA copy number as well as mRNA and miRNA 

expression. The main result of these experiments was a noticeable alteration in the expression of 

many commonly studied oncogenes, as well as alterations in DNA copy number. These 

mutations were more severe in cell lines that had been immortalized for extended growth in cell 

culture. The data were posted in an online database so that other researchers performing work 

with these cell lines will have a reference to determine which cell line is appropriate for their 

experiments. This is beneficial knowledge and provides a baseline for gene expression when 

comparing to cells under experimental conditions. 

 

7.1.3 Functional Assessment of Secreted miRNAs 

Another primary goal of my thesis was to determine what the functional role of secreted 

miRNAs were with regards to promoting carcinogenesis. This was first examined in Chapter 5 in 

oral cancer. An assessment of which miRNAs are selectively secreted from OSCC cell lines 

found no overlap with the miRNAs that are significantly altered in the serum of patients with 

oral cancer. The miRNAs: miR-150-5p, miR-142-3p, miR-451a and miR-223-3p were found to 

be enriched in SEVs when compared to the cells they originating from, implying that there was 

active selection for these molecules. Only miR-502-5p was found to be enriched within the 

cellular fraction suggesting that this miRNA was selectively excluded from SEVs. 

Follow-up functional analysis was focused on miR-142-3p and it was determined to have 

a dual role. MiR-142-3p is secreted from oral cancer cell lines partially to remove its growth 

suppressive effect from within the cancer cells. As other researchers have shown with other 

miRNAs, miR-142-3p when secreted via SEVs has an ability to act in cell-to-cell communication 

targeting endothelial cells and inducing them to form ‘tubes’, one of the necessary steps in 
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angiogenesis. We also determined that these effects were mediated by the protein TGFBR1. 

TGFBR1 is a protein that has previously been described as having tumor suppressive and tumor 

promoting effects in an apparently context specific fashion. 

Within cancer biology many observed phenomenon are common across multiple different 

cancer types especially within carcinomas. We wished to determine if the functional role of miR-

142-3p was the same in the context of lung cancer. Examination of secreted miR-142-3p also 

showed a TGFBR1 mediated induction of endothelial tube formation. MiR-142-3p from lung 

cancer was also transferred via SEVs to fibroblasts where they were induced to undergo changes 

associated with CAFs, fibroblast activation and, wound healing. 

 

7.2 Conclusions Regarding Hypotheses 

For this thesis my hypotheses were: 1) There is a subset of serum miRNAs that are 

capable of differentiating between individuals with and without oral cancer or CIS 2) miRNAs 

are being selectively excluded from OSCC cells when doing so will confer a carcinogenic 

advantage. This can occur both by the removal of tumor suppressive miRNAs and also by 

promoting a supportive tumor microenvironment by the secretion of cell-to-cell communicating 

miRNAs. 3) The tumor promoting activity of these miRNAs will not be unique to OSCC but will 

also affect other cancer types including NSCLC. 

Hypothesis 1 was examined in Chapter 3 and examination of miRNA expression in 

healthy patients and patients with OSCC or CIS demonstrated that it is possible to predict cancer 

status based of a subset of 6 serum miRNAs, however the method is vulnerable to systematic 

biases in sample classification. 
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Hypothesis 2 was examined in Chapter 5 and the results demonstrate that miR-142-3p is 

excluded from OSCC cells not only to remove its tumor suppressive effect but also to transfer a 

tumor promoting effect to endothelial cells. Therefore hypothesis 2 is supported and this research 

also leaves open the possibility there may be other effects of the miRNAs in question. 

Hypothesis 3 was supported by the work shown in Chapter 6, demonstrating that miR-

142-3p in lung cancer SEVs, shares the tumor promoting effects found in oral cancer, both 

through the already established pathway involving the promotion of angiogenesis but also 

through fibroblast activation. 

 

7.3 Strengths and Limitations 

The serum analysis described in this thesis has a number of strengths when compared to 

similar research performed by others. More individuals were included in this experiment than 

what is typical of circulating miRNA studies. This gives a greater confidence that the results 

were not merely an effect of sampling error (7,8). Additionally the statistical analysis performed 

is more robust then is common as many researchers assess miRNA differences using t-tests or 

ANOVAs rather than using regression or similar methods which are intended to offer a 

predictive value. Although the literature may be confusing as many researchers use the term 

‘validation’, it is not always used in the statistical sense to describe studies where the participants 

are split into training, validation, and test sets. The term can be applied to functional validation 

instead. The inclusion of independent test sets is a major strength of this thesis. Unfortunately the 

statistical test is vulnerable to biases which affect making calls. The sensitivity of the serum 

miRNA study was 0.45 which is lower then what would be suitable for a test intended to screen 
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patients, and limits the future applications of the blood test to attempts to ‘rule in’ a diagnosis 

that is already suspected. 

For the serum analysis there is room for improvement. Firstly the ratio of miRNAs being 

examined to patients in the study is not optimal, and the inclusion of additional patients would 

give more confidence. Furthermore to guard against unconscious but systematic bias, assessment 

of a statistical model is improved when a second blinded researcher performs data collection. It 

is not practical for a study of this scale; however, biomarker analysis is greatly improved when 

the patients being examined have an unknown cancer status, and are members of the same risk 

group in which the test would be applied to. For example if the long term application of this 

biomarker panel was to detect disease recurrence, the preferred test population would be 

individuals who have already completed initial treatment, to determine if the miRNA panel 

detects OSCC before it would otherwise have been evident. 

Quantifying miRNAs secreted by oral cancer cell lines was strengthened by the previous 

characterization of these cell lines. This allowed for an assessment of the genes involved in SEV 

secretion, and allowed for research to proceed with the knowledge that certain pathways were 

down-regulated for example: SMPD3 dependant SEV secretion. It remains that these cell lines 

are not a perfect analog for whole tumors, as was made clear by my work and the work of others, 

and therefore this would be considered a weakness. Examination of miR-142-3p determined that 

the gene TGFBR1 was the target. While alterations to TGFBR1 were sufficient to explain the 

tumor promoting phenotype, this study is limited by the fact that other miR-142-3p/target 

interactions were not examined. An additional limitation of my research and the work of others is 

an inability to explain the context specific activity of TGFBR1 and the TGFB pathway, which 

can have different effects even within similar tissue types.  
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Mouse modeling was important in strengthening this work against the limitations of in 

vitro assays, and the use of immune-compromised mice allowed for the use of human tumor 

grafts. This allowed for the quantification of tumor growth to consider the growth and 

interactions of the tumor stroma. The xenograft model used was also limited by the inability to 

distinguish between the suspected pro-angiogenic effects of miR-142-3p and possible pro- 

vasculogenic effects, or other effects leading to increased blood vessel density. While useful a 

limitation of immune-compromised mice is that they are not able to give information about the 

cancer’s interaction with immune cells which are known to play a major role in SEV and miRNA 

based communication. 

Conformation that miR-142-3p’s SEV mediated effects are not limited to the context of 

oral cancer greatly strengthens this research as OSCC remains an understudied cancer when 

compared to more common cancer types such as lung. Knowledge that the miR-142-3p 

/TGFBR1 pathway is relevant in multiple tissue types will assist with the visibility of this 

research. This may attract scientists wishing to utilize our data for the development of drug 

therapies as researchers will be driven by the greater number of patients which may benefit from 

the treatment. 

 

7.4 Significance 

The overall goal of this research was to gain a deeper understanding of miRNA secretion 

in the context of oral cancer. The statistical rigor, and increased sample size of this study can 

help us be confident that the results represent the underlying trends of the data and are not overly 

optimistic. This is a common pitfall to biomarker research with the majority of reported 

biomarkers never seeing diagnostic use, despite initially promising results.  
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The cell line analysis here will provide an easy to use source of information for 

researchers using oral cell lines for in vitro analysis. This will allow future research to be 

completed with increased speed as this resource will ease the selection of cell lines to analyze. 

This paper has already achieved this goal with regards to other researchers in our own group. 

Additionally, Chapter 4 provides a useful reminder of the differences between cell lines, and 

human tissue that should serve as a caution to researchers who may wish to over-extrapolate the 

significance of their work. 

The detection of miR-142-3p’s role in promoting carcinogenesis through a dual 

functionality gives a great deal of insight into the field of SEV research complementing previous 

discoveries in the field. An understanding of this aspect of tumor biology may yield to a wide 

variety of cancer therapies targeting tumor/stroma communication. 

 

7.5 Future Directions 

Future studies on serum miRNA biomarkers in OSCC will be needed before a product 

can be marketed to clinics. It is necessary to first demonstrate efficacy of a biomarker on a 

population where cancer status is unknown, and performance must be superior to existing 

methods. It may be easier to improve upon existing methods of detection when those methods 

have proven to be ineffective. For example it is currently more difficult to detect OSCC as a 

recurrence than as a primary disease using visual examination. It’s possible a miRNA based 

biomarker may be superior. It is also possible that future work on serum miRNAs will be useful 

in predicting which pre-cancerous lesions will progress. The current method of predicting which 

dysplasias will progress is based off of the grade of the lesion. Only a fraction of dysplasias will 

progress, and it is possible that the secreted miRNA profile of these lesions may be more similar 
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to that of established cancers. This would preferably be tested in a prospective study examining 

individuals with pre-malignant diseases. The number of individuals needed in the study would be 

specific to which stage of pre-malignant lesion is examined, due to the number of patients who 

will progress, being lower with earlier stages. We can use the sensitivity and specificity in 

known cancers of 0.45 and 0.96 to predict the likely sensitivity and specificity of a miRNA test 

in dysplasia serum samples. If we intend to create a test used to ‘rule in’ malignant 

transformation and are willing to accept that many patients may be missed, we could tolerate a 

sensitivity and specificity of 0.25 and 0.85 respectively. Using the online tool 

‘powerandsamplesize’ we performed a sample size calculation for a one sided proportion test 

with an alpha of 0.05 and a beta of 0.80. A future test would need to include 32 progressors and 

47 non-progressors. Knowing that approximately 50% of severe dysplasia will progress (252) we 

can predict the number of patients we would need to include. This was calculated using the 

program SampSize with the prevalence feature determining that 111 individuals would need to 

be included to have a 95% confidence in enrolling at least 47 non-progressors (253,254). If 

testing individuals with moderate dysplasia where the conversion rate is approximately 30% 

(252) 134 individuals would need to be included to have a 95% confidence in testing 32 

progressors. This would likely lead to more non-progressors being tested then is required, due to 

their over-representation in the test population. In one desired a biomarker capable of ruling out 

the possibility of dysplasia progression, they would likely need to search for biomarkers with a 

higher sensitivity. 

One must keep in mind the lessons learned from notable research on mammography 

demonstrating that improved diagnosis may potentially lead to over treatment and overall worse 
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patient outcomes (255). It will therefore be important to test the efficacy of a biomarker in 

improving patient survival rates, rather than solely in lesion detection. 

 During analysis of miR-142-3p we noticed an incidental finding in xenograft tumors. 

When the cancer cells had decreased expression for the exosome secretion protein Rab27A there 

was a notable increase in tumor hypoxia. A further exploration of this effect, to examine 

interactions with endothelial cells in isolation would be informative. It would also be very 

interesting to see if SEVs secreted from OSCC or lung cancer cell lines were capable of acting 

distantly to prime pre-metastatic niches in a similar fashion to the alterations which occur in the 

tumor stroma. One would expect that there may be decreased transfer of SEV miRNAs to distant 

sites compared to local sites when examining mice. This could be tested using tracking of stained 

SEVs. It would be interesting to learn if any of these potential actions also occurred through 

action on the TGFB pathway. It is possible that these observed finding were due to the secretion 

of the other identified miRNAs miR-451a, miR-150-5p and miR-223-3p. Our study was unable 

to explain the sometimes opposing actions of the genes in this pathway and how they can be act 

as tumor suppressors or oncogenes in a context specific manner. To further explore the treatment 

implications of this research it would be illuminating to conduct research on drugs which target 

the TGFBR1 receptor which is responsible for angiogenesis related alterations, and to elucidate 

the drug’s effect on survival. 
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Appendix A    

Table A.1 Genes that show 2-fold difference in expression between immortalized and non-immortalized lines. 

Genes Up-regulated in 
Immortalized Cell lines 

Genes Down-regulated in 
Immortalized Cell lines 

ARHGAP11A ABCC13 
ARNTL2 APOF 
ARPP-19 C10orf10 
ASCC3 C10orf136 
ASPM C4orf18 
ATF3 C8orf17 
B2M CBR4 
BIRC5 CXCL14 
BRCA1 DCC 
BUB1 ELAVL4 
BXDC1 EPN3 
BXDC2 FBXO32 
C1orf112 FN1 
C1orf163 FTMT 
C20orf199 GPR98 
C6orf159 HERC3 
C6orf173 HES1 
CCNB1 IQUB 
CCNB2 KHDRBS2 
CCT2 KNG1 
CDC2 KRT15 
CDCA2 KRT16 
CDCA5 LOC284232 
CEBPZ LOC645904 
CENPN LOC647107 
CEP55 LOC651721 
CKLF LRRC2 
CKS1B MN1 
CKS2 NOTCH1 
CSRP2 OR2H1 
DEPDC1 OVOL1 
DIAPH3 PCDHB19P 
DNAJC9 PSG3 
EPSTI1 RORC 
FABP5 RPH3A 
FANCD2 SDK2 
FANCI SEMG2 
FBXO5 SP5 
GGH SYT16 
Genes Up-regulated in Genes Down-regulated in 
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Immortalized Cell lines Immortalized Cell lines 
GNL3 TAAR6 
H2AFZ TANC2 
HAT1 TCF7L2 
HIST2H2AC TGFB2 
HMGCS1 THSD7A 
HSP90AA1 TMEM26 
IFIT2 TNFAIP8L3 
KIAA0101 TNFRSF19 
KRR1 TTTY11 
LHX6 UBE2U 
LSM3 ULK1 
MCM10 UNC5B 
MCM6 VIPR1 
MCM8 WNT5A 
MLF1IP ZNF319 
NCAPG 

 NDC80 
 NEFH 
 NMI 
 NT5C3 
 NUDCD1 
 OIP5 
 PARP14 
 PBK 
 PMAIP1 
 PRC1 
 PTTG1 
 RAB3B 
 RACGAP1 
 RCC1 
 RNF138 
 RPL39L 
 RPS4Y1 
 RPS4Y2 
 SFRS3 
 SFRS7 
 SHCBP1 
 SMC4 
 SNRPD1 
 TDG 
 TIMELESS 
   
   
     Genes Up-regulated in Genes Down-regulated in 
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  Immortalized Cell lines Immortalized Cell lines 
  TIPIN 

 TK1 
 TNFRSF8 
 TTK 
 TWISTNB 
 UBE2T 
 VRK1 
 ZNF121 
 ZNF708 
 ZWINT 
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Table A.2 Genomic gains and losses in the 8 tested cell lines. 

Cell 
Line 

Gain/
Loss 

Chromosome First Clone First Base 
Pair 

Last Clone Last Base 
Pair 

OKF6 
TERT2 

GAIN 2 N0111B23 54,135,756 N0254O14 54,360,912 
LOSS 2 F0598F07 89,558,527 N0168J01 91,694,559 

 GAIN 3 N0489M05 112,460,495 N0795F24 113,210,064 
 LOSS 4 N0749B10 48,910,988 N0604G23 52,788,367 
 GAIN 5 N0262P03 130,350,388 N0182E22 180,844,590 
 LOSS 8 N0509F16 86,213,371 M2067O20 86,655,436 
 LOSS 9 N0104D19 42,297,099 N0211E19 64,605,023 
 LOSS 14 N0284A08 104,335,297 M2011A05 105,202,688 
 LOSS 15 N0207G06 18,268,506 N0644M04 18,539,773 
 LOSS 21 N0777J19 37,639,783 N0457P07 46,959,990 
POE9n 
TERT 

LOSS 1 N0069P10 140,919,966 N0464H08 142,002,328 
GAIN 2 N0438O12 120,819,666 N0598J08 121,824,272 

 GAIN 8 N0509F16 86,213,371 N0050N04 86,545,470 
 LOSS 9 N0113D07 506,206 N0020A20 24,625,768 
 GAIN 9 N0088I18 64,543,669 N0035I18 134,368,271 
 GAIN 10 N0140A10 133,798,920 N0106C07 135,345,809 
 GAIN 15 N0644M04 18,349,327 N0603B24 19,964,521 
 GAIN 19 M2509P17 8,397,601 N0014H08 8,769,001 
 GAIN 20 N0103O09 45,038,571 N0552L23 45,928,807 
OKP7 
bmi1 
TERT 

GAIN 1 N0376P08 29,473,834 N0638H12 30,092,544 
GAIN 1 N0010P20 119,021,392 N0754O09 119,798,563 
GAIN 5 N0434D20 69,116,796 N0350A19 71,005,823 
LOSS 12 N0607F06 66,751,757 N0528M24 67,158,273 

 GAIN 15 N0494O02 29,870,754 M2205B01 30,593,680 
 GAIN 16 N0432C09 28,160,013 N0264B17 29,027,705 
OKF4 
TERT 
 

GAIN 3 N0775L22 159,424,706 N0230B20 159,971,533 
GAIN 4 N0756P18 133,963,367 N0348O12 134,651,835 
GAIN 5 Whole Chromosome 

 GAIN 6 N0421D20 100,574,264 N0641G10 101,265,454 
 GAIN 7 N0030C10 16,380,007 N0594C23 17,193,701 
 GAIN 7 N0193J02 25,480,612 N0216K12 25,978,905 
 GAIN 8 N0651O22 42,650,430 N0691F16 46,731,375 
 GAIN 11 F0586N11 10,504,905 M2107O23 10,824,435 
 GAIN 13 N0113B23 87,267,747 N0160C14 88,049,817 
 GAIN 15 N0494O02 29,870,754 N0732H03 30,389,184 
 GAIN 15 F0529J15 39,512,578 M2295I07 40,401,165 
 LOSS 19 N0282G19 8,649,994 N0203K06 8,817,056 
       
       
       



142 

 

Cell 
Line 

Gain/
Loss 

Chromosome First Clone First Base 
Pair 

Last Clone Last Base 
Pair 

OKF6 
E6E7 

LOSS 2 F0598F07 89,558,527 N0168J01 91,694,559 
LOSS 4 N0749B10 48,910,988 N0604G23 52,788,367 

 GAIN 5 Whole q arm 
 LOSS 7 N0155G14 127,510,471 N0683N08 127,852,019 
 LOSS 8 N0509F16 86,213,371 M2067O20 86,655,436 
 LOSS 9 N0104D19 42,297,099 N0211E19 64,605,023 
 LOSS 15 N0207G06 18,268,506 N0644M04 18,539,773 
 LOSS 15 N0354M13 89,279,290 N0450F18 90,708,919 
 LOSS 21 N0777J19 37,639,783 N0457P07 46,959,990 
DOK LOSS 1 M2025H04 118,986,907 N0464H08 142,002,328 
 LOSS 1 N0115G11 145,225,900 N0338I16 146,530,015 
 LOSS 2 N0433P11 88,871,537 N0168J01 91,694,559 
 LOSS 3 N0473O09 74,851,892 N0666K17 75,702,371 
 LOSS 4 N0193D10 9,058,652 N0640C20 9,921,137 
 LOSS 4 N0620D19 48,915,531 N0047D08 52,908,129 
 LOSS 4 N0321G19 191,015,114 M2011O21 191,485,234 
 LOSS 6 N0788K02 160,352,109 N0090D23 161,084,214 
 LOSS 7 N0009F15 0 M2036F06 258,633 
 LOSS 8 F0586C17 110,607 N0404N21 1,763,129 
 LOSS 8 N0447A06 7,080,263 N0556O05 8,046,057 
 LOSS 8 N0743F19 11,862,350 N0683E21 12,461,849 
 LOSS 8 N0509F16 86,213,371 M2067O20 86,655,436 
 GAIN 9 N0390F02 34,968,240 N0312A20 36,033,506 
 LOSS 9 N0614D12 42,728,872 N0211E19 64,605,023 
 LOSS 9 N0242L09 70,187,367 N0488P04 70,537,808 
 LOSS 11 N0306J02 67,708,597 N0134F13 68,068,197 
 LOSS 12 N0500M09 8,079,853 N0215F23 9,448,272 
 GAIN 12 N0039O12 107,928,324 N0027M06 108,409,469 
 LOSS 15 N0207G06 18,268,506 N0644M04 18,539,773 
 LOSS 18 N0713D15 14,121,673 N0223M07 15,294,624 
 LOSS 19 N0282G19 8,649,994 N0203K06 8,817,056 
 LOSS 19 N0653D16 47,768,276 N0160A19 48,610,383 
 GAIN 20 Whole Chromosome 
OKF4 
E6E7 

GAIN 1 N0580L22 141,733,089 N0649M01 143,178,669 
GAIN 16 N0242N20 51,259,884 N0802E09 52,260,176 

OKF6 
TERT1 

LOSS 3 N0075E19 44,512,112 N0219A11 44,991,832 
LOSS 4 N0011A02 39,342,966 N0395I06 40,124,840 

 GAIN 5 Whole Chromosome 
 LOSS 6 N0667J10 14,956,946 M2155H10 15,323,835 
 LOSS 10 N0155A04 74,218,648 N0429F01 74,871,237 
 GAIN 11 N0328D19 60,756,022 N0724D01 61,762,444 
 GAIN 14 N0166L02 20,965,676 N0310A23 21,256,288 
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Genomic locations are relative to GRCh37/hg19, the 2009 assembly of the human genome  

  

Cell 
Line 

Gain/
Loss 

Chromosome First Clone First Base 
Pair 

Last Clone Last Base 
Pair 

OKF6 
TERT1 

GAIN 15 F0529J15 39,512,578 N0383M08 40,144,104 
GAIN 15 N0731O08 65,941,593 N0096C21 68,440,572 

 LOSS 17 N0113K01 57,071,847 N0302J21 57,611,053 
 LOSS 19 N0282G19 8,649,994 N0478A23 9,010,779 
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Figure A.1 Heat map for mRNA expression. The figure was created using the data for the 40 999 mRNAs that 
were expressed in at least 8 of the 10 cell lines tested. 
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Figure A.2 Heat map for miRNA expression. The figure was created using the 396 miRNAs expressed in at least 
one sample. 
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Figure A.3 Effects of SEV depletion of FBS. qRT-PCR results of RNA isolated from SCC-4 SEVs and blank 
media supplemented with 10% regular FBS, 10% depleted FBS or 1% depleted FBS. MiR-451a was tested along 
with the spike in cel-miR-39. The black bar represents the threshold of detection above which there may be no 
template control amplification. Equal volumes of miRNA were run using TaqMan qRT-PCR. 
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Figure A.4 Venn diagrams showing the number of miRNAs detected below a CT of 35, for each cell line by 
qRT-PCR, and the fraction in which the miRNAs were detected. 
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Figure A.5 Analysis of knockdown and over-expression cell lines. A: shows qRT-PCR CT values of the 
endogenous quantities of the SMPD3 and Rab27A, The black line represents our threshold of detection above which 
there may be amplification in no template controls. B: shows the knockdown efficiency of Rab27A shRNAs in 
Cal27 and DOK. GAPDH was used to normalize C: The amount of miR-142-3p secreted from the cells after SEV 
release was inhibited by Rab27A, Equal volumes of RNA were loaded and normalized to cel-miR-39 spike-in. D: 
shows the amount of miR-142-3p over-expression after lenti-infection in the SEVs collected from Cal27 cells. 
Spike-in cel-miR-39 was used to normalize. E: Western blot of pSMAD2/3 on cell lines with miR-142-3p over-
expression. F: Colony formation assay on Cal27 OE Control and Cal27 miR-142 OE cells. P values were calculated 
using Student’s t-test. All error bars represent the standard deviation over three replicates. 
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