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ABSTRACT 

This dissertation addresses a major problem in the application of our understanding of 

cancer biology: that treatment remains ineffective for certain individuals and there are 

few validated ways to choose among different treatment modalities for any given patient. 

In this study, we address poorly understood biochemical and molecular alterations 

underlying the pathobiology of a type throat cancer (oropharygneal squamous cell 

carcinoma) caused by the Human Papillomavirus (HPV). Although clinical trials 

assessing differing management strategies for HPV+ relative to HPV- diseases are 

underway, currently it is common for HPV+ patients to be treated in the same manner as 

HPV-.  However HPV+ tumors of the oropharynx are associated with powerful risk and 

survival stratification because these patients have prolonged progression-free responses 

and often, with appropriate surgical management, chemotherapy and radiation, 

experience complete responses that appear durable. Thus, early identification and 

characterization of this patient cohort is necessary specifically to tailor the care of these 

individuals to the unique biology of their tumors.   

The work that follows describes the identification and validation of an “oncogenic 

microRNA panel” that likely represents the host response to an oncogenic HPV infection. 

This molecular signature may have utility to differentiate oropharyngeal tumors with 

different prognoses and thus distinct management strategies and facilitate mechanistic 

elucidation of molecular factors that contribute to oropharyngeal carcinoma development 

and progression. 
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CHAPTER 1. INTRODUCTION  

1.1   CANCER BIOLOGY IN 2014: GENOMICS DRIVEN CANCER MEDICINE 

Cancer is a global challenge. An overwhelming amount of scientific, medical, and 

social progress has been achieved in the last 150 years with respect to cancer. However, 

cancer remains a vexing economic, health, and community challenge around the world. 

Globally, the statistics are staggering. The International Agency for Research on Cancer 

(IARC) 2013 report estimated 14.1 million new cancer cases, 8.2 million cancer deaths 

and 32.6 million people living with cancer (within 5 years of diagnosis) in 2012 (Ferlay  

et al. 2012). Incidence has been increasing in most regions of the world, but there are 

huge inequalities between rich and poor countries both in incidence and outcome 

measures. These epidemiological observations serve to frame the indispensible 

importance of a process that began in 1860 with Rudolf Virchow’s microscopic 

description of the cellular origins of cancer: understanding the biological nature of cancer 

in order to transform the disease into cures or controllable conditions (Devita & 

Rosenberg 2012; Virchow 1860). A major problem in the application of our 

understanding of cancer biology is that treatment remains ineffective for certain 

individuals and there are few validated ways to choose among different treatment 

modalities for any given patient. In this study, we address poorly understood biochemical 

and molecular alterations underlying the pathobiology of a type of cancer that occurs in 

the throat and is caused by Human Papillomavirus (HPV).  Toward this end, the aim of 

the current study was to profile microRNA expression patterns in HPV+ associated 

oropharyngeal carcinoma (HPV+OPSCC) to provide a more detailed understanding of 
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pathological molecular events and to identify biomarkers for early diagnosis, improved 

staging, and prognostic stratification. The following is an extensive overview of the 

current landscape of cancer biology as it pertains to squamous cell carcinomas of the 

head and neck (HNSCC), HPV, and microRNAs.  

Fundamental to cancer biology is the notion that the entire population of cells 

forming a tumor arises from a microevolutionary process whereby a single cell 

experiences an initial insult, often genetic damage acquired by the action of 

environmental agents, such as chemicals, radiation, or viruses, or inherited in the from 

the parents’ germ cells. This damage leads to dysregulation of the cellular machinery 

controlling replication, the integrity or fidelity of the genome, adherence to surrounding 

cells, and the biochemical/physical communication with the organism at large. This event 

is termed transformation. Searching for the primary culprits that drive or sustain this 

process has led to paradigmatic changes in cancer therapy. In 2006, the results of a five-

year follow-up study led by Brian Druker provided proof of the principle that a drug can 

target a specific molecular abnormality unique to certain cancer cells, converting the 

disease of cancer into a manageable chronic condition (Druker et al. 2006).  

With the addition of the field of cancer immunotherapy, cancer treatment is currently 

addressed with various combinations of four specific modalities--surgery, radiotherapy, 

chemotherapy, and immunotherapy. In the United States, these modalities have been used 

to reduce the 5-year relative survival rate of all cancers from 38% in the late 1960s to 

68% in 2012 (Devita & Rosenberg 2012; Byers 2011). Despite these glimpses of hope, 

we also know that each patient’s tumor is characterized by incredible heterogeneity. 

Indeed routine clinical examinations are insufficient for appreciating the mutational 
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processes, clonal architecture, and cancer genes unique to each person’s tumor. These 

different faces of cancer have become apparent largely due to systematic global analyses 

of genes, their products, and the contributions of the massive non-coding genome. The 

Cancer Genome Atlas (TCGA) and other large-scale comparisons of multiple tumor 

types to normal cells are considered by many to be the defining project of modern cancer 

medicine. The results of these efforts are irrefutable: cancer genome sequencing projects 

have revealed previously unknown abnormalities and complexities that call into question 

our view of what a cancer genome truly encompasses.  The scope of this dissertation goes 

beyond single mutations in oncogenes or tumor suppressors based on the evidence that 

most human cancers are caused by two to eight sequential alterations in specific genes 

that develop over the course of 20 to 30 years (Vogelstein et al. 2013).  The simple and 

logical extension of this idea is that the vast majority of those who will die of cancer this 

year, will die because their cancers were not detected in the first 90% of their cancer’s 

lifetime (Vogelstein et al. 2013). 

We now have a solid catalogue of genes, that when mutated, have the potential to 

contribute to cancer. These so-called driver mutations appear to affect the intragenic 

regions of around 140 transcripts and include genes involved in metabolism, RNA 

splicing, immune function, and more. Around half of these encode proteins or histones 

regulate chromatin structure through modification of DNA. (Vogelstein et al., 2013). In 

addition, the mutational spectrum of human cancer is highly variable, with ranges of 2 to 

175 non-synonymous mutations per tumor. These additional mutations are currently 

thought to be passenger mutations, conferring no specific or selective growth advantage. 

Despite these complexities revealed by deep sequencing efforts, there is still reason to 
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think that cancer research is a logical science, “where the complexities of the disease, 

described in the laboratory and clinic, will become understandable in terms of a small 

number of underlying principles” (Weinberg and Hanahhan 2000). Indeed, the known 

driver mutations appear to function through 12 signaling pathways that regulate three 

core cellular processes: cell fate determination, cell survival, and genome maintenance. 

Driver mutations are generally clonal; they are detected in all neoplastic cells of a 

tumor. However, large-scale sequencing efforts have deepened our appreciation for the 

extent to which subclonal selection and mutations occur in the context of a single 

person’s cancer. We now know that metastases can be different than primary tumors and 

that subclones have the potential to develop at any point during a tumor’s lifespan. 

Tumor heterogeneity is a dynamic process and makes cancer more difficult to treat, 

especially because we now know of substantial intratumoral, intermetastatic, 

intrametastatic, and interpatient heterogeneity (Vogelstein et al. 2013). Indeed, tumor 

heterogeneity offers a provocative and persuasive explanation for why certain treatments 

fail. However it is not yet clear how these findings affect patients’ prognoses or how this 

information should be collected, used, or acted upon in the setting of patient care.  

This bring us to an important point concerning the translation of cancer genomics. 

The hypothesis is that the use of cancer genomic information to guide treatment choice 

may offer a categorical means to improve the care of cancer patients (Garraway 2012). 

One problem is that of the driver mutations recognized, very few are considered 

druggable targets; the inactivating mutations in tumor suppressor genes far outnumber the 

alterations in oncogenes. Indeed, of the well-characterized 100 to 150 driver genes, only 

31 of the oncogenes have enzymatic activity; thus, most of the genetic alterations present 
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in protein coding genes would not be considered targets of clinically approved drugs that 

target kinases (Vogelsteinet al. 2013). The paucity of oncogene alterations is also 

alarming because in order to circumvent intratumor heterogeneity and avoid inevitable 

treatment resistance, most patients would need to be treated with more than one drug. At 

this point, the combination strategy is difficult to envision since most human cancers 

contain relatively few mutations in so-called druggable oncogenes. 

Further progress in translating cancer genomics to patient care surely will require 

more detailed information concerning the cell signaling pathways and consequences of 

tumor suppressor gene inactivation. Additionally, a priority area for current and future 

research involves studying the non-coding portions of the genome, including the 

consequences and relative importance of microRNAs. It is also apparent that the 

interpretation of cancer genomics is dependent on the scale and quality of sequencing 

data and the ability to find meaning between large genomic datasets and phenotypic 

correlations at multiple time points for both treatment-responsive and treatment-resistant 

cases. Up to this point, cancer genomic catalogues are relatively static characterizations 

of cancers, rather than longitudinal studies.  

There is good reason to continue to interrogate mutational catalogs in primary tumors 

in order to connect the recurrent mutations in tumor suppressor genes to altered cellular 

pathways and, hopefully, to acquired cellular vulnerabilities (Garraway & Lander 2013). 

We know that mutations in tumor suppressor genes have consequent activations in cell 

survival or cell fate determination pathways which may open different therapeutic 

avenues: 1) PTEN inactivation leads to activation of Akt, 2) CDKN2A inactivation leads 

to activated cyclin-dependent kinases and 3) APC inactivation leads to constitutive c-
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MYC activation (Vogelstein et al. 2013). Thus, the downstream pathways of driver 

mutations become therapeutic targets. Unraveling the details of the implicated signaling 

pathways and understanding the cell-type or tumor-specific differences, which determine 

how those pathways function, must follow three avenues of discovery: 1) model 

organisms, 2) more powerful sequencing during clinical trials, and 3) new models in the 

culture of academic medicine for collaboration between basic science and clinical 

investigators.  

This dissertation encompasses datasets from human patients at single points in time 

and interrogates the spectrum of changes that occur in the non-coding regulatory RNA 

species known as microRNA. We are only beginning to understand the functions of the 

non-coding portions of the genome; thus the work that follows characterizes particular 

microRNAs as being dysregulated downstream of the effects of the oncogenic virus, 

Human Papillomavirus, in the context of tumors of the head a neck. Some of the 

implicated microRNAs may be relevant as biomarkers, while others ought to be studied 

in the context of model organisms in order to unravel the complex phenotypic outputs of 

these gene regulatory species. 

 

1.2   HEAD AND NECK SQUAMOUS CELL CARCINOMA 

 

1.2.1   Epidemiology and clinical characterization 

Head and neck squamous cell carcinoma (HNSCC) is a diagnosis that portends a 

dismal prognosis. Despite this, little progress has been made in novel therapeutics in over 

40 years (Russo et al. 2013). Worldwide, HNSCC has an annual incidence rate of 
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550,300 and a mortality rate of 305,100 making it the 7th most common cancer in men 

and the 13th most common in women (Gillison et al., 2014). Incidence trends in 

developing countries exceed those compared to developed countries (Figure 1.0). This is 

likely a reflection of variability in the prevalence of risk factors, which include the 

synergistic effects of tobacco and alcohol abuse (due to acetaldehyde, the first metabolite 

of ethanol and a constituent of tobacco smoke, thought to be a local carcinogen in 

humans) in addition to human papillomavirus (HPV), betel nut, Epstein-Barr virus (as it 

relates tonasopharyngeal carcinoma), physical irritation, malnutrition, and immune 

defects. Moreover, inequalities in access to early detection and treatment of precancerous 

lesions clearly play a role in the observed worldwide geographical heterogeneity. In the 

US, HNSCC ranks ninth in cancer incidence with an estimated incidence of 52566 cases 

per year (Table 1.0). These tumors occur in the oral cavity, larynx, orophaynx, and other 

locations throughout the head and neck (Figure 1.1).   

As is the case with many other tumor types that have undergone extensive whole-

exome profiling, HNSCC is associated with significantly more mutations in tumor 

suppressor gene compared to activated oncogenes (Agrawal et al., 2011; Stansky et al., 

2011). Thus, very few directly targetable mutations are found in the majority of HNSCC. 

This strongly supports the importance of prevention, early detection, and careful 

surveillance of at risk patients as the optimal approaches for reducing mortality from this 

disease. The optimal treatment of advanced HNSCC invariably involves surgery and 

chemoradiation, which can result in significant morbidity due to its effect on breathing, 

swallowing, speech, phonation, taste, hearing, smell, and other vital functions (Agrawal 

et al. 2011). Moreover, when patients present with metastases, this disease is often lethal 
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with a dismal five-year survival rate of ~35-50%, although when detected early, the five-

year survival rate approaches 75% (Chin et al. 2005). 

The tumorigenesis pathways and molecular etiologies of HNSCC have been studied 

extensively; however, it remains a very difficult disease to treat and cure. Further, there is 

a paucity of clinically applicable diagnostic platforms that significantly improve detection 

rates and patient outcomes (Hunt et al. 2014). Early detection of pre-malignant and 

locally confined cancers promises the ability to improve patient outcomes by providing 

less invasive surgical treatments. This promise, as well as the ability to classify a 

patient’s disease according to phenotypic and genotypic markers so as to select the 

optimal treatment modality is the fundamental premise of the growing field of “precision 

medicine,” otherwise known as personalized medicine. Indeed, patients at high risk of 

treatment failure should be appropriately stratified and treated compared to those with 

relatively low risk profiles. 

In this study, two patient cohorts were retrospectively characterized based on their 

tumors’ expression of a protein marker, which is highly correlated to improved patient 

survival. In the context of HNSCC and particularly oropharyngeal disease, 

immunohistochemical characterization of p16 represents one of the few independent 

prognostic tests currently utilized for risk stratification in this disease (Lewis 2012).  

However, assessing p16 requires biopsied or resected tissue. Point-of-care risk 

stratification tests represent an unmet need for HNSCC. 

 
1.2.2 Mutational landscape 

Two landmark studies performing whole exome and limited whole genome 

sequencing in HNSCC tumor and paired normal tissues revealed that the vast majority of 
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tumors harbor incredibly complex mutational profiles that are generally consistent with 

tobacco exposure (Agrawal et al. 2011; Stansky et al. 2011). Although the two studies 

differed in their detection of genetic markers highly associated with heavy tobacco 

exposure, both generally support clinical data that smoking history is an important 

disease modifier with characteristic genetic abnormalities. Both the Agrawal and 

Stansky-led studies reported that TP53 is the most commonly mutated gene in HNSCC. 

Other expected mutations were found in CDKN2A, HRAS, PTEN, and PIK3CA. The 

Agrawal and Stansky-led studies further defined four major cytogenetic abnormalities:  

1) amplifications of 11q13, which contains the cyclin D1 gene;  

2) amplifications of 7p11, which contains the epidermal growth factor receptor 

(EGFR);  

3) deletions of CDKN2A (p16 locus); and rarer  

4) MYC, ERBB2, or CCNE1 amplifications.  

On average, each tumor exhibited 130 coding mutations, although there was considerable 

variability in this (0.59 to 24 mutations/MbP), but in general, HNSCC is comparable to 

other smoking related malignancies with high mutational spectrums. Although, two 

HNSCC tumors with the highest mutation rates in the Stansky et al. study were from 

nonsmokers, implicating rare cases of genetic or epigenetic alterations that promote 

elevated mutation rates apart from smoking.  

To the surprise of the investigators (Agrawal et al. 2011; Stansky et al. 2011), both 

studies reported notably high rates of mutations in genes involved in squamous 

differentiation including many not previously implicated in this malignancy. Essentially 

30-40% of HNSCC cases had mutations in NOTCH1 or pathways governing NOTCH1 
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signaling as well as other genes important in nuclear polarity (SYNE1) and in promoting 

or regulating renewal in basal keratinocytes (TP63 and IRF6). Most of the NOTCH 

mutations were located in regions implying loss of function. Together, these data suggest 

that maturation arrest or lineage dependency may be important for HNSCC; therefore, 

rational therapeutic strategies should be aimed at specific cellular dependencies 

downstream of these abnormalities. Interestingly, although HPV+ tumors contain many 

fewer mutations compared to HPV-, all those included in the Agrawal and Stansky-led 

studies documented mutations in these genes irrespective of HPV status.  

 

1.2.3   Potential molecular diagnostic applications 

Clinical practice with regards to HNSCC has advanced from the perspective of 

surgical techniques, radiotherapeutic practices, and to some extent chemotherapeutic 

practices, but the ability to prognosticate on a patient given the physician’s molecular 

knowledge of the disease is a critical and unmet need. Besides the description of 

anatomical differences in outcome, which has largely been influenced by the presence of 

HPV, very few clinically applicable diagnostic tools or molecular markers to enhance 

disease management are used in practice (Hunt JL, 2014). This may be a function of few 

targeted therapies combined with the poor performance status of most patients with 

conventional HNSCC, who typically are older with life long and extensive alcohol and 

tobacco histories; thus, they may not be candidates for certain clinical trials that would 

require younger or healthier individuals. The most important and widely utilized 

biomarker in the context of oropharyngeal disease, CDKN2A, is discussed in Chapter 2. 
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There have been significant efforts to study EGFR protein expression as well as other 

biomarkers, but there is little (besides HPV) that correlates to response to therapy. There 

is a large body of literature regarding EGFR in HNSCC, but the IHC studies assessing 

expression of EGFR have been fraught with problems of high interstudy variability due 

to different antibodies and different antigen retrieval protocols (Hunt 2014). Overall, it is 

clear that primary somatic mutations are rare, amplification is present in a minority of 

patients, and a truncated variant of the protein called EGFRvIII is present in some 

patients; however, no consistently identifiable alteration exists which can correlate to 

therapy response with EGFR inhibitors (Hunt 2014). On the other hand, it appears that 

mutations in certain RAS gene family members confer resistance to EGFR inhibitor 

therapy in other cancer types, but the association of this phenomena with the relatively 

rare HRAS mutations in HNSCC are not currently clinically relevant (Murray et al., 

2012; Siddiqui et al., 2010). The literature concerning the 11q13 amplification, present in 

as many as 40% of HNSCC cases, is mixed in terms of prognostic value and therapeutic 

response. In general 11q13 amplification is not routinely assessed (Hunt 2014). 

The PI3K-PTEN-AKT-mTOR pathway is a very intriguing target in HNSCC, largely 

because of reasons already discussed concerning pathway compensation secondary to 

tumor suppressor inactivation. There is evidence to support that this pathway is 

frequently altered in HNSCC, with PIK3CA mutations being fairly common (Agrawal et 

al. 2011; Stansky et al. 2011). There are a number of subtleties to this pathway, 

particularly with regard to subunits and isotypes of PI3 kinases, that are important 

because there are multiple small molecular inhibitors in development that target different 

isotypes, but we simply don’t know the relevance for these novel therapeutics in HNSCC 
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diagnostics (Rodon et al. 2013). Therefore, biomarkers reflecting this pathway are not yet 

of clinical relevance but should be an active area of research. The miR-106b~25 cluster 

identified and described in subsequent chapters have implications for this pathway and 

may suggest that HPV+ OPSCC can down modulate PTEN via these microRNAs.  

The most common molecular alteration in HNSCC is surprisingly difficult to utilize 

as a biomarker. TP53 mutations are extremely common in this disease, although this has 

not been applied to routine clinical use, likely because of the intensive nature of currently 

available assays. Nevertheless, there is an association between HNSCC and p53 

mutations with relapse; hence, p53 mutations represent biomarkers for identifying 

positive surgical margins (Acin et al. 2011; Graveland et al. 2011; Nathan et al. 2002). 

There is also some evidence that p53 mutations may convey resistance to radiotherapy 

and as a function of this, could be associated with treatment failures (Smith et al. 1999; 

Skinner et al. 2012). Perhaps future work will identify a readily assayable molecular 

correlate to p53 mutations that can serve as a gauge of downstream pathway activities in 

order to take advantage of these data.  

MicroRNA as biomarkers in HNSCC is an active area of research with multiple 

groups having already published profiles correlating microRNA expression with 

malignant progression, prognosis, and discriminatory ability between normal and tumor 

samples (Table 1.1). Causal relationships have not been elucidated in detail; however, 

initial data support that microRNAs are involved in squamous carcinogenesis and their 

expression profiles can be used to infer HNSCC from normal tissue. Due to their size and 

significantly greater stability compared to mRNA, microRNAs offer an attractive target 

for salivary-based diagnostics (Park et al. 2009). Development in this area could be 
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incredibly valuable because of the reasons discussed above concerning the need for 

affordable and effective detection technologies. Salivary microRNA detection systems 

have the potential as low-cost multi-target genetic diagnostic platforms that would enable 

widespread screening for premalignant changes and may thereby significantly impact 

early detection of HNSCC and subsequently reduce mortality from this malignancy. 

Further, in the case of OPSCC, salivary microRNA profiles could be used to identify 

patients with HPV+ disease early in the diagnostic and treatment protocol. This could 

allow for treatment stratification even before surgical intervention. Moreover, given a 

low cost and high sensitivity, salivary diagnostic systems could allow for HPV testing as 

a screening test in routine dental examinations. 

 

1.3   HUMAN PAPILLOMAVIRUS and HNSCC  

 

1.3.1   Rising incidence, description, and implications of HPV+ OPSCC 

 Due to public health efforts encouraging smoking cessation, the overall incidence of 

HNSCC has decreased in recent years. In striking contrast, the incidence of 

oropharyngeal squamous cell carcinoma (OPSCC) has increased significantly at a rate of 

1.3% and 0.6% yearly between 1973 and 2004 for base of tongue and tonsillar 

carcinomas, respectively. In this same period, the incidence of oral cavity cancer 

decreased 1.9% (Chatvuredi et al 2008). Recent statistics show a striking 225% increase 

in population-level incidence of HPV-positive (HPV+) OPSCC between 1984 and 2004, 

while HPV-negative (HPV-) OPSCC incidence decreased by 50% in the same time 

period (Chaturvedi et al., 2011). Oropharyngeal refers to the anatomic location from the 
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junction of hard and soft palate to the plane of the hyoid bone and includes the base of 

tongue, palatine arch (including tonsillar fossa and pillars), uvula, vallecula epiglottica, 

and lateral and posterior oropharyngeal walls (Figure 1.1)  (Gillison et al. 2014). 

Molecular studies of malignancies arising in this area have shown that 40-80% of 

OPSCC diagnosed in the US contain HPV, and the IARC Multicenter Study estimated 

that 18% of oral and oropharyngeal cancers worldwide are HPV associated (Wilczynski 

et al. 1998; Pannone et al. 2011). Moreover, formal reviews by the IARC have concluded 

there is sufficient evidence for the carcinogenicity of HPV, particularly HPV16 in the 

oropharynx and possibly in the oral cavity as well (Gillison et al. 2014; IARC 2007; 

WHO 2012). Thus, the decline in oral cavity cancer has been attributed to a reduction in 

tobacco use, whereas the increasing incidence of oropharynx cancer appears to reflect a 

rise in HPV-related malignancy. Similar observations have been made in Europe 

(Dayyani et al. 2010; Licitra et al. 2008). 

Certain high-risk subtypes of the human papillomavirus are causative agents for a 

number of human neoplasia including disease of the cervix, anus, penis, and vulva. 

Cervical cancer is the paradigm for the natural history of the virus and transformation to 

cancer, as it is by far the most-studied HPV-associated disease (Gillison et al. 2014; 

Moscicki et al. 2012). Approximately 291 million or 11-12% of women worldwide are 

carriers of HPV DNA, with higher rates in sub-Saharan Africa (24%), Eastern Europe 

(21%) and Latin America (16%) (de Sanjose et al. 2007; Forman et al. 2012). Oral HPV 

prevalence is estimated to be 5 to 10 fold lower. Among individuals aged 12 to 69 in the 

US, oral HPV infection has an overall prevalence ~7%, while men have a significantly 

higher prevalence compared to women 10.1% [95% CI, 8.3%-12.3%] vs 3.6% [95% CI, 
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2.6%-5.0%] and, importantly, HPV-16 is 5-fold more prevalent among men (Gillison 

2012). These numbers are heavily influenced by sexual behavior and smoking history 

with prevalence appearing as high as 20% among heavy smokers or individuals with >20 

lifetime sexual partners. These trends also appear to be globally relevant, as OPSCC 

incidence trends are increasing in several countries, particularly in younger men 

(Chaturvedi et al. 2013).  

While detection of HPV genomic DNA was noted in head and neck cancer over 30 

years ago, an etiological role is now undeniably supported (Syrjänen et al. 1983). The 

involvement of HPV in head and neck squamous cell carcinogenesis is supported by a 

series of observations. First, HPV is a virus with broad and essential tropism for epithelial 

tissues.  In vitro studies clearly prove that high-risk viral oncoproteins immortalize 

human keratinocytes, including oral keratinocytes (McDance 2005). High-risk HPV 

genotypes can be detected in squamous cell carcinoma with PCR techniques and 

fluorescent in-situ hybridization. By definition, an HPV+OPSCC contains 

transcriptionally active virus (Gillison & Lowy 2004; Allen et al. 2010). In addition, 

genotype concordant viral DNA can be found in the lymph nodes of patients with 

metastatic OPSCC (Joo et al. 2012).  Moreover, multiple gene signatures detected with 

DNA microarrays are able to predict HPV-16 prevalence in primary HNSCC with a false 

discovery rate of <0.2 (Schlecht NF et al., 2007). Lastly, the established role for high risk 

HPV in cervical SCC provides foundational support for a causative role for HPV in 

OPSCC because these distinct anatomical locations share morphological, embryological, 

and immunological features and can be infected with the same virus (Pannone et al. 

2011). 
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HPV+ OPSCC has identifiable clinical characteristics, histologic features, 

biochemical characteristics and surrogate markers that give it a singular identity distinct 

from HPV-OPSCC and conventional HNSCC (Table 1.2). Like other HPV-associated 

malignancies, HPV+ OPSCC appears to be a sexually transmitted disease; however, there 

is evidence that non-sexual transmission can occur (Pannone et al. 2011). HPV+ tumors 

are more likely to affect young white men (<50 years old) with no history of ethanol or 

tobacco abuse and are associated with distinct risk factors including > 6 lifetime oral-sex 

partners (odds ratio 3.4), > 26 lifetime vaginal-sex partners (odds ratio 3.1), a younger 

age at first sexual intercourse, and seropositivity for HPV type 16 L1 capsid protein (odds 

ratio 32.2) (D'Souza et al. 2007). Similarly, an odds ratio of 230 was reported for the 

development of oropharyngeal cancer with high-risk HPV DNA detected in the oral 

cavity when adjusted for alcohol and tobacco use, while a similar landmark study 

reported an odds ratio of 14.4 for the association of HPV-16 seropositivity with the risk 

of OPSCC (D'Souza et al. 2007; Hansson et al. 2005). In individuals with OPSCC, 

seropositivity for HPV-16 was strongly associated with no history of tobacco or alcohol 

abuse (D'Souza et al. 2007; D'Souza et al. 2009). The mechanism predisposing white 

young men to this type of cancer remains obscure, but is currently supported in the 

literature both in the US and in Europe where high rates of HPV+ OPSCC have been 

reported in Scandinavian countries (Dayyani et al. 2010; Licitra et al. 2008). This is in 

stark contrast to cervical cancer where trends show that overall HPV prevalence and 

HPV16 prevalence is highest in sub-Saharan Africa (Forman et al. 2012).  

The histopathologic characteristics of HPV+ OPSCC are instructive but not definitive 

in the detection of HPV. Histopathological characteristics of HPV+ OPSCC include poor 
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differentiation, scant keratinization, and basaloid phenotype (Figure 1.2). The usefulness 

of these findings for diagnostic and prognostic purposes is debated.  The non-keratinizing 

OPSCC phenotype correlates positively with immunohistochemical staining for p16 and 

favorably associates with prognostic data (Chernock et al. 2009). Others report a positive 

association between the non-keratinizing phenotype and HPV+ disease, but a portion of 

non-keratinizing OPSCC cases are HPV-negative (El-Mofty & Patil, 2006). The cell- and 

tissue-level events associated with the distinct histology observed in HPV+ OPSCC 

specimens raises the question of whether HPV+ OPSCC arise from a cell type distinct 

from that of HPV- OPSCC or whether the viral life cycle alters keratin expression and 

deposition by infected cells. Further questions remain regarding the details of why HPV 

has a tropism for oropharyngeal tissues and how virus enters keratinocytes preferentially 

at this specific anatomic site.  

Although HPV has been identified in squamous cell cancers at other head and neck 

sites, the overwhelming anatomic-based disease burden for HPV are the mucosal lining 

of the tonsils and the base of the tongue. The pharyngeal tonsillar tissue functions as part 

of the secondary immune system. Their location allows for exposure to both the 

respiratory and alimentary tracts and, therefore, allows access to both inspired and 

ingested antigens. There are four functional immunological structures of the tonsils: 1) 

the outer endodermally derived reticular crypt epithelium, 2) the mesodermally derived 

follicular area, 3) the mantle zone, and 4) the germinal center of the lymphoid follicle. 

Antigen presenting cells at the outer epithelium transport antigen to helper T-cells and 

subsequently stimulate B cells to produce IgA antibodies which are transported to the 

surface. It has been speculated that the immunologic function of the tonsils may 
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contribute to harboring the virus, and that transformation of the keratinocytes requires 

some contribution from the microenvironment created by the lymphocytes and antigen 

presenting cells populating the tonsils (Albers et al. 2005; Hoffmann et al. 2006; 

Williams et al. 2009). Some studies have suggested that HPV associated tonsillar SCC 

originates from the deep invaginations of the cryptic epithelium whereas non-HPV 

related SCCs develop from the surface epithelium (Syrjanen 2004; Kim et al. 2006; Kim 

et al. 2007) The numerous branching crypts that line the palatine and lingual tonsils are 

common sites of inflammation due to accumulations of dead lymphocytes and 

desquamated epithelium (Avery & Steel 2002). The epithelium of the crypts is 

reticulated, which refers to a discontinuous epithelium where nonepithelial cells such as 

lymphocytes and antigen presenting cells pass between squames. This organization of 

cells facilitates direct transport of antigens, a favorable environment for contact between 

the effector cells of the immune system, and is thought to help provide a pool of 

immunoglobulins (Perry 1994). However, this reticulated structure also is a compromise 

in epithelial integrity, leaving the deep layers of the epithelium exposed to deposition of 

viral particles (Pai & Westra 2009). The determinants of infectivity and susceptibility are 

not well established with respect to HPV and oropharyngeal cancers. It has been 

postulated that the common endodermal origin of the squamous lining of both the cervix 

and tonsils, their shared locations at the junction between external and internal 

environments, and human microbiota at mucosal surfaces at these locations play a role in 

allowing persistent HPV infection and provide a favorable milieu for carcinogenesis 

initiation and propagation. 
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Patients with HPV+ OPSCC more often present with stage III-IV disease and 

paradoxically, data show the disease responds better to standard-of-care chemotherapy 

and radiation, such that HPV status is a strong independent positive prognostic factor for 

survival (Fakhry et al. 2008; Licitra et al. 2006). Overall survival and incidence of tumor 

relapse are significantly affected by tumor HPV status. According to the National Cancer 

Institute's Surveillance, Epidemiology, and End Results (SEER) data, median survival of 

HPV+ versus HPV- OPSCC is significantly different (131 vs 20 months), and in a 

randomized clinical trial there is a 70% relative reduction in risk of death (0.3 HR) 

according to HPV status (Gillison et al. 2014; Ang et al. 2010). Indeed, tumor HPV status 

is now a routine stratification factor in ongoing clinical trails that include OPSCC 

patients. The biologic mechanism that underlies this increased responsiveness to 

treatment and improved overall survival is not fully understood. However, tumor-intrinsic 

and extrinsic factors certainly play a role. For example, the presence of viral proteins 

instead of a long history of somatic mutations likely produces differential responses to 

genotoxic therapy and relatively increased activation of the immune system (Mroz et al. 

2011). Likewise, p53 mutations in HPV+ cases are exceedingly rare; this may alter 

treatment responsiveness. However, patients with HPV+OPSCC are less likely to smoke 

and present at younger ages, so they may be better able to respond secondary to their 

overall health (Mroz et al. 2011).  

In the last few years, HPV status has been linked to racial survival discrepancies 

in the United States in the context of HNSCC (Settle et al. 2009; Chem et al. 2009; 

Schrank et al. 2011). A recent study using SEER data reflected lower overall survival 

rates for black patients with HNSCC and particularly OPSCC (Chem et al. 2009; Schrank 
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et al. 2011). It is important to note that black patients tend to present at more advanced 

stages of disease with 38.6% of patients presenting with stage IV disease compared with 

34.0% and 30.2% of Hispanic and white patients, respectively (Schrank et al. 2011). 

Further, of all head and neck cancer sites considered, OPSCC was associated with the 

greatest difference in survival between blacks and whites. This finding is supported by 

results of an additional study showing that only 4% of HNSCC were HPV+ in black 

patients, while 34% were HPV+ in white patients (Settle et al. 2009). Related to this, a 

critical area for examination is the issue of screening for oral and oropharyngeal 

infection, dysplastic changes, and malignancies in a cost-effective and wide-spread 

manner.  

1.3.2   Molecular pathogenesis and virology of HPV+ OPSCC 

Detected HPV+ OPSCC has increasingly been subjected to molecular study to 

identify key aberrations present in affected cells that may improve understanding and 

inform discrepancies in response to therapy and prognosis among tumor populations.  

Researchers have compared HPV+ OPSCC to HPV+ disease arising in different 

anatomical sites, HPV- disease, and normal oral mucosa as well as HPV+ tumors in 

smokers and non-smokers.  Key areas of genetic aberrations include DNA replication, 

DNA repair, cell cycling, and chemotherapy/radiotherapy sensitivity.  A summary of 

genomic and proteomic profile data is presented. 

The most comprehensive genetic studies of HNSCC included limited numbers of 

HPV+ OPSCC cases (Agrawal et al. 2011; Stansky et al. 2011). As both groups utilized 

HNSCC genomic sequencing, they were able to detect viral sequences that aligned to 

HPV genomes. They both observed WT p53 in all of the reported HPV+ tumors. Overall, 
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significantly fewer mutations in the HPV+ cohorts were proven to originate independent 

of smoking status: at least half as frequent as shown in Stansky et al.(2011) and 4.8±3 

versus 20.6±16.7 in the study by Agrawal et al. (2011).. Interestingly, although the 

significance of this is not clear, a handful of the genes also implicated in the HPV- 

tumors involving squamous differentiation as well as histone modifications, which also 

harbored missense, nonsense, or frameshift mutations in the HPV+ tumors. In total, all of 

the HPV+ tumors had at least one mutation in one of the following genes: NOTCH1, 

NOTCH3, SYNE1, SYNE2, HRAS, PIK3CA, MED1, MLL2, or EZH2. 

When genome-wide chromosomal profiles compare HPV+ cervical SCCs, HPV+ 

OPSCCs, and HPV- OPSCCs, hierarchical clusters demonstrate two main groups: one 

mainly HPV+ and the other HPV- (Figure 1.3). However chromosomal alterations were 

also identified specific for the two tissue types as well as pan-SCC aberrations (Wilting et 

al. 2009). Gain of 20p and loss of 13q appear to be most common in HPV+ cancers. 

Whereas, loss at 3p, 5q, and 8p or gain at 11q are far more frequent in HPV- HNSCC. A 

second study corroborates enhanced similarity between HPV+ OPSCC and HPV+ 

cervical SCC relative to HPV-negative OPSCC; in particular, a distinct and larger subset 

of cell cycle genes and some testis-specific genes normally expressed in meiotic cells are 

upregulated in concordance with HPV infection (Pyeon et al. 2007). These common 

changes in cytogenetic and transcriptional profiles identified between HPV+ HNSCC and 

cervical carcinoma, included down regulation of genes involved in immune response 

(interleukins and interferon-induced proteins) and upregulation of genes within the 20q 

region along with downregulation of genes on 13q (Wilting et al. 2009).  Upregulation of 

20q appears to be caused by E7 expression and is related to inactivation of Rb (Wilting et 
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al. 2009).  

Another study compared gene expression profiles of HPV+ versus HPV- 

oropharyngeal cancer and oral cavity cancer (Lohavanichbutr et al. 2009).  In oral cavity 

tumors, no significant difference in gene expression was noted when comparing HPV+ to 

HPV- specimens.  However, analysis of oropharyngeal tumors shows significant 

differences (347 differentially expressed genes) in HPV+ versus HPV- lesions. 

Differences were particularly common among genes involved in DNA regulation and 

repair, cell cycle, and chemo- or radio-therapy sensitivity. These results underscore the 

observation that HPV+ oropharyngeal disease represents a divergent biologic entity from 

HPV- disease.  A similar study identified a subgroup of 59 genes present only in HPV+ 

HNSCC and not in HPV- HNSCC or normal oral mucosa (Martinez et al. 2007).   

As tobacco use is a known risk factor for HNSCC, smoking status was considered 

in a recent gene expression profiling study.  Comparison of gene expression patterns from 

never smokers that were HPV+ to those that were HPV- revealed that genes involved in 

viral defense and immune response were downregulated in HPV+ tumors (IFIT1, 

IFITM1-3, IFI6-16, IFI44L, and OAS2), consistent with the immunomodulating nature of 

HPV infections, predisposing  development into malignancies (Schlecht et al. 2007; 

Martinez et al. 2007). Upregulated genes included those involved in CDK inhibition 

(cyclin-dependent kinase inhibitor-2C or CDKN2C), G1/S transition (CDC7), replication 

and DNA repair (RFC4-5), and dimerization with E2F (TFDP2). For HPV+ smokers 

versus nonsmokers, differential expression was observed in several genes regulated by 

p53 or E2F-transcription factors. Replication factor-C4 (RFC4) was consistently 

upregulated in HPV- samples from never-smokers. Other differentially expressed genes 
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based on smoking status include: CDC7, MCM2, cytochrome P450 (CYP4V2), insulin-

like growth factor (IGF), and keratin associated proteins (KRT6B, 10, 11). The Schlecht 

and Martinez-led studies (2007) also observed significant upregulation of a key 

component of the mammalian synaptonemal complex, a structure regulating the 

arrangement of homologous chromosomes in meiosis (SYCP2) and normally transiently 

expressed in gametes. Summary Table 1.3 presents key genes upregulated in HPV+ 

disease. These genes are predominantly involved in mitosis, DNA repair and 

transcriptional regulation. 

The major proteomic analysis in OPSCC has largely supported transcriptomic 

studies. Relative to HPV- HNSCC, HPV+ OPSCC is characterized by upregulated 

expression of distinct and larger subsets of cell cycle and DNA replication proteins as 

well as significant upregulation of argininosuccinate synthase 1, suggesting HPV+ 

tumors are more dependent on this conditionally essential amino acid. (Slebos et al. 

2013).  

Based on these data, it has been proposed that the number of required genetic 

alterations for progression to malignancy is lower in HPV+ oncogenesis (Klussmann et 

al. 2009). Indeed, these genetic and transcriptomic differences may have dramatic 

implications for differing clinical management for the two disease phenotypes. It is not 

known if there would be any benefit of HPV-targeted therapeutics in OPSCC; at this 

point, no targeted therapies for HPV-associated carcinomas exist. The development of 

HPV-specific therapeutics including therapeutic HPV vaccines and small molecules 

targeting viral oncoproteins is an important unmet need. Future and current research in 

this area should draw heavily on the data from the above genomic profiling studies 
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comparing HPV+ to HPV- HNSCC. 

 

1.3.2.1   HPV Virology 

HPVs are small, 50-55 nm in diameter, non-enveloped double-stranded DNA viruses, 

which carry out their life cycle in either mucosal or cutaneous epithelia. Infection may 

result in an asymptomatic carrier state or a variety of both benign and malignant 

neoplasia. These viridae have icosahedral capsids composed of 72 capsomeres, 

surrounding a circular DNA genome of ~7900 base pairs (Moody & Laimins 2010). 

Hundreds of different genotypes have been identified and the viruses are grouped 

according to distinctions in type-specific antigens on the virion surface. Each type shares 

less than 90% DNA sequence homology in the region of their major capsid protein, L1. 

Specific clinical manifestations are associated with many of the types, and for sake of 

convenience, the more common subtypes are grouped according to high- or low- 

potential symptoms or the ability to affect cellular transformation. Although there are 15 

known high-risk types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 68, 73, and 82) and 

12 low-risk types (6, 11, 40, 42, 43, 44, 54, 61, 70, 72, 81, and CP6108), types 16, 18, 

and 31 are the major types associated with mucosal epithelial cancers, while HPV 16 

accounts for 90-95% of HPV positive OPSCC (Kreimer et al. 2005). 

The genome can be divided into an early (E) region (containing genes E1, E2, E4, E5, 

E6 and E7), late (L) region (containing genes L1 and L2), and an upstream regulatory 

region (URR) (Figure 1.4). Two major viral promoters induce transcription of 

polycistronic mRNAs. The DNA itself associates with cellular histones and is compacted 

into aggregates similar to chromatin (Longworth & Laimins 2004). The conformation of 
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the chromatin and epigenetic modifications of histones are significantly altered upon 

cellular differentiation, and this effectively divides gene expression into early and late 

events. During early stages of the viral life cycle, early transcripts are initiated by a 

promoter referred to as either p97 or p105 in the HPV-16/31 or HPV-18 subtypes, 

respectively. The p97 promoter is located just upstream of the E6 open reading frame 

(ORF) (Longworth & Laimins 2004). The major promoter of late genes is located further 

downstream and varies slightly depending on the virus sub-type, but it is generally 

referred to as p742 (Longworth & Laimins 2004). The latter transcriptional events are 

activated in concert with epithelial differentiation via segregated temporal usage of these 

promoters. The early genes E1-E7 play a role in regulating, promoting, and supporting 

viral DNA transcription and replication. The late genes, L1 and L2, are transcribed only 

in productively infected cells and encode the major and minor capsid proteins required 

for assembly of progeny virions and their eventual accumulation and release into the 

environment.  

 

1.3.2.1.1 Mode of Viral Entry 

The basal cell is fundamental to papillomavirus infection and may be the only cell 

within epithelia capable of establishing infection. This dependence on terminally 

differentiated keratinocytes has made the study of viral entry challenging because 

propagation of virions in cell culture does not occur (Bienkowska-Haba & Sapp 2011). It 

is thought that infection occurs at sites of injury in the proliferating basal layer of 

epithelial surfaces. This proliferation due to microtrauma induces basal cell migration and 

enhanced cell division thereby increasing the probability of a productive infection. A 
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remarkably complicated and still poorly understood process is required for binding to the 

host cell surface, subsequent internalization, and intracellular trafficking, but the basic 

evolutionary strategy is dependent upon processes for excluding access to the 

differentiated cells and fostering access to the basal cell layers. This is achieved by 

preferential binding to basement membrane proteins specific to the basal layers 

(Bienkowska-Haba & Sapp 2011).  

Most papillomavirus types utilize heparan sulfate proteoglycans (HSPGs) located 

within the basement membrane and extracellular matrix, specifically syndecan-1 that is 

the HSPG isotype expressed predominantly in epithelia, not just for initial attachment but 

also to promote conformational changes in the viral capsid (Horvath et al. 2010). These 

interactions are thought to initiate attachment and be essential for infectious 

internalization but not directly mediate virion internalization (Bienkowska-Haba & Sapp 

2011). HPV capsids also bind laminin-5, but the significance of this interaction is not 

entirely understood (Horvath CA et al., 2010). A number of candidate integrins have been 

studied in vitro and it appears that at least three integrins, a6, b4, and b1 may be involved 

in secondary HPV binding, although a6 is likely paramount (Letian et al. 2010; Bretscher 

et al. 1992; Kurpakus et al. 1991). 

Interestingly, there has not been definitive evidence of an amino acid binding motif 

present on the surface of HPV representative of a known recognition motif for any of 

these host cell receptors (Horvath et al. 2010). However, a particular conformational 

cluster of basic acids is thought to be critical and involved in inducing a conformational 

change of the capsid upon contact with the host cell surface (Horvath et al. 2010). Virus 

internalization may require additional factors such as syndecans and glypicans, two 
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heparan sulfate proteoglycans also thought to be upregulated in response to injury. 

Compelling evidence presents three modes of viral entry: clathrin-mediated endocytosis, 

caveolar endocytosis, and a clathrin- and caveolae-independent pathway involving 

tetraspanin-enriched microdomains (Horvath et al. 2010). HPV-16 is proposed to bind 

cells and subsequently colocalize with transmembrane tetraspanins CD63 and CD151, 

although the role of these tetraspanins is not fully elucidated (Spoden et al. 2008). After 

binding and endocytosis, HPV is thought to gain access to the microfilament network via 

an interaction with L2 and the motor protein complex dynein for transport around the 

cytoplasm and to the nucleus (Schneider et al. 2011). 

 

1.3.2.1.2 Host Immune Response  

Clearly HPV infections that lead to cancer require alterations in host cellular immune 

response. Prior to viral replication, host immune intervention via tumor necrosis factoring 

a (TNFa) and interleukin-1 (IL-1) production may influence the fate of HPV-infected 

cells, as a robust response results in antiviral activity and specifically downregulates 

HPV16 E6/E7 mRNA transcription (Kyo et al. 1994). Some authors have suggested that 

HPV may mediate resistance to TNF early in its life cycle (Boccardo et al. 2010). From 

studies in women with cervical HPV infection, it has been demonstrated that the majority 

of women infected mount an effective immune response and clear the infection, ~10% 

develop persistent infection, and only 5-10 per 100,000 progress from premalignant to 

malignant cervical disease in developed countries (McDance 2005). Similar comparisons 

are not yet available for head and neck infections. However, evasion of the innate 

immune response is a biologic hallmark of HPV infection in both premalignant and 
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malignant disease, and is a result of viral stimulation and/or repression of host signaling 

pathways (McDance 2005). Although the molecular pathways responsible for this 

evasion are postulated to lie in viral downregulation of cytokine expression, an 

alternative or perhaps parallel explanation is the evolutionary niche created by infection 

of keratinocytes, which have a naturally short lifespan and are generally sheltered from 

large populations of antigen presenting cells (McDance 2005). Because of the short 

keratinocyte lifespan, cell lysis is not necessary for viral escape; rather virions are 

released as cells propagate through the mucosal layers (Figure 1.5). Nevertheless, the 

purpose of vaccination is to bolster adaptive immunity by introducing highly 

immunogenic repeat structures based upon L1 termed L1 virus-like particles (VLPs). 

These VLPs are brought into lymph nodes by antigen presenting cells and are presented 

to T cells that will drive the production of a B-cell response and capsid specific 

neutralizing antibodies (Um et al. 2002) 

Type I interferons are potently produced in response to viral nucleic acids. Under 

normal conditions, various toll-like receptors such as TLR9 recognize unmethylated CpG 

DNA, leading to interferon regulatory factor (IRF) activation and expression of IFN-

alpha and –beta. IFN subsequently acts in a paracrine fashion to protect neighboring cells 

that are not yet infected and to induce an antiviral state where replication is hindered, 

class I MHC molecules are expressed, anti-angiogenic programs stimulated, and 

immunostimulatory properties induced. E6/7 proteins have been shown to inhibit IFN-

alpha signal transduction (Stanley 2006; Um et al. 2002; Albers et al 2005; Hoffman et 

al. 2006). E7 binds IRF-1 in vivo and in vitro, inhibiting the IRF-1-mediated activation of 

IFN-beta promoter (Um et al. 2002; Park et al. 2000). Although the mechanism of this 



 29 

downstream inhibition is not fully elucidated, E7 appears to recruit histone deacetylases 

to the IRF-1 promoter via the carboxy-terminal zinc finger of E7 (Um et al. 2002; Park et 

al. 2000).  

Once the virus escapes the immune system and the infection persists, progression of 

pathology can ensue. Persistent viral infection with a high-risk subtype is the central 

etiological factor in the development of anogenital malignancies with 99% of cervical 

cancers positive for HPV DNA and a subset of head and neck cancers (Walboomer et al. 

1999). As was mentioned previously, initial infection is in the basal layer where both 

stem cells and transit-amplifying cells reside. The continuously dividing transit-

amplifying cells act as a reservoir of cells for suprabasal cells (Longworth & Laimins 

2004). It is here that the virus establishes itself as a low copy number extrachromosomal 

plasmid. The mechanism for extrachromosomal HPV DNA persistence in cycling basal 

cells is unknown although this copy number is maintained throughout the course of the 

infection (Van Tine et al. 2004; Longworth & Laimins 2004). This process amplifies the 

genome to around 50-100 copies/cell and is thought to be independent of the cell cycle 

(Stanley 2006). 

 

 1.3.2.1.3 E1 

E1 contains a nuclear localization signal and it has been proposed that maintenance of 

the viral episomes in undifferentiated keratinocytes is a function of a conserved region of 

E1 unique to anogenital subtypes of the virus (Cote-Martin et al. 2008). E1 is a 68kDa 

protein with ATPase and 3'-5' helicase activity.  As a monomer, E1 weakly binds AT-

rich sequences upstream to the start sites of early transcribed HPV genes (Cheng et al. 
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1995; Frattini 1994; Hughes 1993; Muller et al. 1997; Seo et al. 1993). E1 recognition 

sequences in origins of HPV replication are adjacent to E2 DNA binding sites and the 

latter act to load E1 onto the origin and facilitate higher affinity binding, thereby 

initiating origin-specific viral DNA replication (Longworth & Laimins 2004). The 

recruitment of cellular replication complexes including chaperone proteins and chromatin 

remodeling complexes leads to E1 binding host DNA polymerase alpha (Amin et al. 

2000; Conger et al. 1999; Masterson et al. 1998).  E1 proteins bound to DNA oligomerize 

into a hexameric ring and act as a 3'-5' helicase to unwind supercoiled DNA. The 

regulation of E1 activity is not fully understood, but it is known that the protein interacts 

with mitogen-activated protein kinases and the cell cycle regulators cyclin E and A, both 

of which are expressed after cells have progressed through the restriction point (Conger 

et al. 1999). Mutagenesis studies have revealed essential cyclin binding motifs, serine 

residues that are CDK sites, and a dominant leucine-rich nuclear export signal (LR-NES) 

located on E1 which are important for its nuclear localization and the overall ability of 

the virus to adapt the cellular regulatory mechanisms to support viral replication (Ma et 

al. 1999; Sim et al. 2007). 

 

 1.3.2.1.4 E2 

E2 is a 50kDa transcription factor, which plays an integral role in transcriptional 

regulation of early genes, DNA replication, and genome maintenance functions. E2 binds 

and interacts with numerous cellular factors. The C-terminus encodes a dimeric beta-

barrel that binds DNA and interacts with E1 while the N-terminus encodes a 

transactivation alpha-helix domain rich in glutamine (Chen et al. 2000; Hegde et al. 1992; 
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Harris et al. 1999). The URR (also known as LCR) of mucosal HPV DNA contains four 

consensus palindromic sequence specific binding sites for E2 (E2BSs), three of which are 

in close proximity to E1 recognition sequences (Longworth & Laimins 2004). These 

E2SBs are overlapped by recognition sequences for cellular transcription factors such as 

TATA box-binding associated factor (TFIID) and specificity protein 1 (Demeret et al. 

1997; Dostatni et al. 1991). During early stages of infection, viral gene expression is 

minimal and is initiated by transcription factor binding to sequences in the LCR (Steger 

et al., 1997). E2 interacts with these transcription factors as well as C/EBP transcription 

factors, activation domain-modulating factor-1, p/CAF, p300/CBP, nucleosome assembly 

protein (NAP-1), and Brd4 (Schweiger et al 2007). E2 represses only genes from the 

early promoter and helps maintain a virus copy number low in undifferentiated cells 

(Longworth & Laimins 2004). The mechanisms of transcriptional repression are not fully 

understood but likely involve E2 mediated recruitment and coordination of several 

distinct cellular pathways. In support of this, genome-wide siRNA screening identified up 

to 96 cellular genes contributing to repression (Smith et al. 2010). Some of these genes 

were subsequently validated to independently and additively mediate E2 induced 

repression, including the cellular demethylase, JARID1C/SMCX and EP400, a 

component of the NuA4/TIP60 histone acetyltransferase complex. High-risk HPV E2 has 

also been demonstrated to transactivate and upregulate SR (serine/arginine-rich) protens, 

highly conserved host splicing regulators for alternative splicing that are co-opted to 

participate in viral RNA processing and can act as oncoproteins (Mole et al 2006; 

McFarlane et al. 2010). This leads to dysregulation of the tightly controlled process of 

constitutive and alternative splicing of host genes and elaborates the involvement of E2 in 
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the pathogenesis of HPV induced malignancies.  E2 and p16(INK4a) show exclusive 

immunohistochemistry staining patterns in precursor stages of cervical carcinoma in 

paraffin-embedded clinical samples. Staining for Cytokeratin K13, a marker of squamous 

cell differentiation, overlapped with E2 while proliferation markers Ki67 and p63 

inversely correlated (Xue et al. 2010). Studies in HeLa cells show that expression of E2 

results in a suppression of transcription of E6 and E7, reflecting a role of E2 in early 

stages of HPV infection (Wu et al. 2007).  

 

 1.3.2.1.5 E4 and E5 

Many of the cellular pathways co-opted by HPV discussed so far are logically 

consistent with viral replication. The E4 and E5 proteins are expressed early, but function 

to modulate the late phase of the viral life cycle. As E4 and E5 are the third and fourth 

transcripts on polycistronic early mRNA, respectively, very little protein is translated 

because the ribosome-scanning mechanisms of HPV are relatively inefficient (Remm et 

al., 1999). After epithelial differentiation, E4 becomes the most highly expressed viral 

gene due to utilization of the late gene promoter, which places these transcripts first and 

second on polycistronic late mRNA (Longworth & Laimins 2004). The E4 ORF lacks a 

unique adenine-uracil-guanine (AUG) codon but is translated with the first 5five amino 

acids from E1 because of splicing events, allowing for an E1-E4 fusion protein 

(Longworth & Laimins 2004). In vitro functions of E1-E4 include E4 mediated G2/M 

arrest via a cyclin binding motif (Knight et al. 2011), association with and reorganization 

of keratin intermediate filaments (McIntosh et al. 2010), and regulation of viral gene 

expression perhaps by interacting with E4-DBD RNA helicase (Wilson et al. 2007). In 
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vivo effects remain debated, but it is known that there is minimal sequence homology 

between low- and high-risk E4 protein and that the high-risk types are more likely to 

interact with and possibly collapse keratin networks.  

E5 is an 83 amino acid hydrophobic protein and, therefore, localizes to membrane-

bound compartments including the Golgi, endosomes, endoplasmic reticulum, and the 

nuclear membrane. The function of this protein is controversial. Some studies suggest 

that E5 associates with the epidermal growth factor receptor (EGFR) (Tsai et al. 2003). 

However, mutational analyses have shown that EGFR is not a direct target of E5 action 

(Fehrmann et al. 2003). Instead, E5 affects EGFR turnover from the plasma membrane by 

binding an endosomal vacuolar ATPase, the result of which is impaired early endosome 

acidification, increased recycling of receptors to the cell surface and, therefore, amplified 

receptor signaling (Moody & Laimins 2010; McCance 2005). In vitro studies have shown 

increased phosphorylation of Akt and Erk1/2 associated with E5 mediated enhancement 

of EGFR signaling leads to increased expression of VEGF (Kim et al. 2006). The 

contribution of E5 to carcinogenesis or malignant potential in head and neck cancer is 

unclear; however, because EGFR activity is a therapeutic target, further investigation of 

E5 regulation of EGFR in OPSCC is warranted. 

 

1.3.2.1.6 E6 and E7 

It has long been thought that the viral genome is maintained in a non-integrated 

episomal form in benign warts and integrates into the host genome in most cancers. 

Increased oncogene expression has been demonstrated subsequent to E2 

disruption/deletion and integration and is proposed as a central event in oncogenesis 
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(Alazawi et al. 2004; Jeon et al. 1995). As with other oncogenic viruses, the integration 

into the host genome appears to be a random event. However, the pattern of integration is 

clonal. In cervical cancer, integration of high-risk HPV into host genomic material 

induces genomic instability in the host and also alters gene expression in the virus. When 

integrated, the open reading frame of the viral genome appears to be consistently 

interrupted such that the viral repressor E2 is lost, resulting in overexpression of two 

oncoproteins, E6 and E7.  E6/7, when overexpressed, disrupts the function of wild-type 

Rb and p53 leading to the development of a malignant phenotype.  As a selective 

mechanism, this favorable gene expression profile allows cells with integrated virus a 

significant growth advantage. Indeed, in anogenital cancer, a high proportion of HPV 

tumors with integrated virus are observed and this is an important mechanism in cervical 

carcinogenesis (Park et al. 1997). Studies from head and neck cancers have revealed that 

viral integration is not necessary for initiation of oncogenesis, and these cancers vary 

greatly with respect to the physical state of the HPV genome (episomal versus integrated) 

(Syrjanen 2004; Dahlgren et al. 2003; Jung et al. 2010). Many of the literature citations in 

HNSCC reporting that genomic integration is important in the pathogenesis of 

HPV+OPSCC are based on indirect evidence from southern blot, PCR, or FISH studies 

that reportedly indicate integrated virus. This is controversial because in order to 

definitely demonstrate viral integration further studies are needed such as analysis of 

restriction-fragment-length polymorphisms by southern blot or viral sequencing data 

showing viral DNA flanked to end of human DNA. Although these direct measures have 

demonstrated viral integration in the HNSCC genome, it is not clear that this is a 

common phenomenon (Steenbergen et al. 1995; Ragin et al. 2004). Epigenetic 
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modulation or mutations in upstream viral regulatory regions are defined alternative 

mechanisms for deregulation of viral oncogene expression (Pett & Coleman 2007). The 

significance of the discordance in genomic integration is not well understood nor is the 

mechanism of overexpression of E6/E7 in tumors of the head and neck.  However, in 

both cases, in a subset of infected patients, viral infection leads to transcriptionally active 

HPV with high E6/E7 mRNAs levels, and subsequently to cell proliferation and 

eventually to genomic instability due in part to mitotic spindle defects that result in 

aneuploidy and damaged chromosome structure (Jung et al. 2010; Duensing et al. 2009). 

Interestingly, E6/E7 gene products are required for the maintenance of proliferation in 

HeLa cells (McCance 2005). These cells, which have been cultured for 50 years, have 

been shown to contain integrated sequences of HPV-18 expressing E6 and E7 and 

repression at the HPV-18 promoter or RNAi-mediated knockdown of E6/7 inducing  

senescence in 10-14 days (McCance 2005). Repression of E6/7 in HeLa cells also results 

in diminished telomerase activity, cyclin-dependent kinase activity, and c-myc expression 

(DeFilippis et al. 2003). 

The upper layers of the mucosal surface, predominantly the stratum spinosum and 

granulosum, are sites of viral assembly and high-level viral gene expression (Figure 1.5). 

This is a key point in understanding HPV infection as the life cycle of the virus is linked 

to the differentiation state of the host cell. Under normal conditions, cell division and cell 

cycle entry are confined to the basal layer. HPV requires that the host cell remain active 

in the cell cycle as the cell progresses through the strata because the virus is dependent on 

the enzymatic machinery of the cell (Moody & Laimins, 2010). There appears to be 

temporal and spatial regulation of viral gene expression. In normal epithelia, the cell 
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cycle is halted after the divisions taking place in the basal layer. An important molecular 

correlation to this is the activity of p63, an essential regulator of keratinocyte 

differentiation. An infection may initiate carcinogenesis when the regulation of 

differentiation is disrupted, after which the cell undergoes resistance to growth inhibition, 

evades the immune response, subverts apoptosis, and is effectively immortalized. This 

pathological state allows for replication of viral DNA in synchrony with chromosomal 

DNA. Importantly, as the cell enters the upper, differentiating compartment of the 

epithelium, viral gene expression transitions from minimal to very high, such that the 

virus is able to utilize the enzymatic machinery of the host cell to produce multiple copies 

per cell. This replication is due to entry of the host cell into S phase, a phenomenon 

largely attributed to the viral protein E7 since knockdown of this protein fails to initiate 

cellular proliferation and viral genome amplification (Wang et al., 2009). 

The uncontrolled cellular proliferation in the context of manipulated cell cycle 

checkpoints leads to chromosomal instability and accumulation of genetic mutations. The 

cellular factors that are co-opted by HPV proteins are involved in the proliferation of 

cells during their differentiation. The cooperative activities of the viral proteins E6 and 

E7 are fundamental in the development of genomic instability because they synergize to 

affect myriad cellular factors involved in cell cycle progression, signaling pathways 

involved in cell survival, differentiation, proliferation (independent of direct effects on 

the cell cycle), and inhibition of apoptosis. The centrality of E6 and E7 in HPV 

pathogenesis is reflected by the observation that expression in organotypic raft cultures 

resulting in identical phenotypic changes like those seen in high-grade cervical squamous 

neoplasia in vivo (McCance et al. 1988). When E6 and E7 are present, it has been 
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observed that these cells have a higher percentage of polyploidy in addition to 

inappropriate centrosome duplication (Duensing et al. 2002). The result of disrupted 

mitotic events is chromosomal instability. Because cells of stratified squamous epithelia 

eventually desquamate, this instability of the structures required for coordinated gene 

expression is likely to cause malignancy only when there is long-term viral presence, 

possibly in the time frame of years to decades (McCance 2005). 

E6 is an 18kDa 150 amino acid protein that contains two zinc binding domains with 

two Cys-X-X-Cys motifs (Figure 1.6) (Longworth & Laimins 2004; Bedard et al. 2008).  

It is expressed predominantly in the nucleus but can also be found in the cytoplasm. 

There are over 12 binding proteins for E6, all of which have a permissive effect on the 

actions of E7. The combined effects of these proteins result in cells which do not 

effectively segregate and coordinate the events of the cell cycle leading to the 

accumulation of mutations because cell cycle checkpoints are attenuated at the Achilles’ 

heel: p53. E6 is exquisitely evolved to affect cell immortalization via both direct and 

indirect mechanisms. First, E6 forms a trimeric complex with p53 and a cellular E3 

ubiquitin ligase, termed E6AP (Huibregtse et al. 1991). This interaction results in the 

ubiquinylation of p53 and subsequent degradation by the 26S proteosome, which 

drastically reduces the half-life of p53 (Brimer et al. 2007). Furthermore, E6 can inhibit 

p53 mediated gene transcription by direct binding and inhibition of its transcriptional 

activities (Lechner & Laimins 1994). P53 is known to heterodimerize with various 

isoforms of the p63 and p73 family. Because the steady-state level of p53 is reduced as a 

consequence of E6 expression, it is thought that the differentiation process is altered 

because the relative balance between p53 and p63 is disrupted, possibly leading to poor 
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coordination of the genes necessary for normal squamous differentiation (McCance 

2005). Indirectly, E6 associates with and inactivates three histone acetyltransferases; 

p300, Creb binding protein, and ADA3. These increase the stability of p53 via acetylation 

(Muench et al. 2010; Kumar et al. 2002; Patel et al. 1999). Degradation of ADA3 has also 

been proposed to underlie the inhibition of p14/ARF dependent activation of p53 

(Shamanin et al. 2004; Shamanin et al. 2008).  E6 contributes additional mechanisms to 

allow for immortalization of cells by activating transcription of telomerase reverse 

transcriptase (TERT) (Klingelhutz et al. 1996; Wise-Draper & Wells 2008). This is the 

catalytic subunit of telomerase, an enzyme usually not expressed in somatic cells. 

Activation is dependent on E6AP, as knockdown fails to recapitulate the phenotype 

(Wise-Draper & Wells, 2008).  All high-risk E6 proteins contain a C-terminal motif 

termed XT/SXV that mediates binding to cellular proteins with PDZ domains (Moody & 

Laimins 2010, Howie et al. 2009). The PDZ domain proteins are also implicated in the 

oncogenic activity of HPV because mutant E6 proteins that lose their ability to bind p53 

can still immortalize cells (Howie et al. 2009; Liu et al. 2009; Kiyono et al. 1998). PDZ 

proteins are often found in epithelial tight junctions and it is thought that E6 binding 

modulates signal transduction pathways downstream of these cell-cell contact proteins 

(Longworth & Laimins 2004; Howie et al. 2009).   

Cell cycle and S-phase dependent amplification of the HPV DNA in the differentiated 

upper levels of the epithelium is most prominently set into motion by HPV E7. Many 

coalescing signaling pathways can induce the cellular transition from G1S phase, but 

the regulating factors essential for binding and subsequently inhibiting transcription 

factors controlling S-phase DNA replication machinery are the retinoblastoma family 
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members p105 (Rb-tumor suppressor), p107, and p130 (McCance 2005). Rb protein 

appears to be the predominant tumor suppressor, supported by observations obtained 

using knockout mouse models as well as the general observation that Rb inactivation (but 

not p107 or p130) is a hallmark of many sporadic human cancers (Sherr & McCormick, 

2002). These small so called nuclear phospho-‘pocket proteins’ regulate the activity of 

the many members of the E2F family of transcription factors (McCance 2005). The cell 

cycle can progress when coordinated signaling pathways provide biological feedback to 

the Rb family members via cyclin-dependent kinase complexes, resulting in their 

hyperphosphorylation and release from the transactivation domain of the E2F family 

transcription factors and the dissociation of the chromatin remodeling proteins, the 

HDACs. E2F family members bind DNA in the promoter region of many genes involved 

in DNA synthesis, cell cycle progression (cyclin A and cyclin E), and mitosis. All E7 

proteins from HPV virions have evolved to bind cellular Rb family members but only 

high risk E7 can efficiently target them for degradation thereby disrupting Rb-E2F-

HDAC complexes (Moody & Laimins 2010, Wise-Draper & Wells 2008). The difference 

between low risk E7 and high risk E7 appears to be attributed to an Asp vs Gly at 

positions 21 and 22 for the high risk and low risk, respectively (Wise-Draper & Wells, 

2008). Upon binding, E7 targets Rb family members for ubiquitin-dependent proteasomal 

degradation (Wise-Draper & Wells, 2008). The result of degraded Rb is constitutive 

expression of E2F responsive genes and the hallmark event in a cell transitioning from 

resting or G1 phase to S-phase and subsequent preparation for DNA replication and 

mitosis.  
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E7 is a 13 kDa protein that is ~100 amino acids in length and supports conserved 

sequence homologies with Adenovirus E1A and SV40 large T antigen (Figure 1.7) 

(Wise-Draper & Wells, 2008). Expression is predominantly nuclear but some studies 

report a cytoplasmic presence (Moody & Laimins 2010; Dreier et al. 2011). Interestingly, 

E7 has no intrinsic enzymatic or DNA-binding activities (Moody & Laimins 2010). 

Instead, it is known to bind an almost overwhelming multitude of cellular factors, the 

biological significance of which is not fully understood. However, E7 represents an 

exquisitely evolved viral protein that adapts many host signaling pathways to the benefit 

of viral replication. It is well known that E7 has extremely low immunogenicity, and the 

solution structure provides some explanation as to why this may be, i.e., the highly 

conserved N-terminal region is intrinsically unstructured (Dreier et al. 2011). The N-

terminus contains strong interaction domains with the Rb family members within an 

LXCXE motif with the conserved region 2, in addition to binding domains for p300 and 

p600 (Wise-Draper & Wells, 2008; Dreier et al., 2011). The C-terminus contains a zinc-

binding domain composed of two CXXC motifs and subsequently creates a more rigid 

structure (Wise-Draper & Wells 2008; Dreier et al. 2011). There are multiple binding 

motifs within the C-terminus, including residues that interact with E2F directly, a weaker 

Rb interaction domain thought to be important for Rb destabilization in HR-infections, a 

binding site for class I HDACs, and domains that directly interact with and effectively 

titrate cyclin/cdk kinases p21 and p27, both activators of Rb via CDK2 (Wise-Draper & 

Wells, 2008). The binding of E7 to E2F6 has fascinating consequences, as the interaction 

is thought to maintain a conducive environment for viral replication by recruiting 

polycomb group complexes to E2F-responsive promoters (Moody & Laimins 2010). This 
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recruitment is thought to inhibit the physiologic repression induced by polycomb 

complexes at promoter regions and allow for constitutive E2F gene transcription (Moody 

& Laimins 2010). This function of E7 is similar to the function of binding class I 

HDACs. E7 facilitates HDAC removal at other non-E2F promoters allowing 

transcriptional machinery access to promoters (Moody & Laimins 2010). Furthermore, 

the E7-HDAC interaction is essential for episomal maintenance (Moody & Laimins 

2010). 

Unlike E6, the expression of high-risk HPV E7 proteins alone can immortalize human 

keratinocytes at a low rate. In a transgenic mouse model, E7 expression along with low-

dose estrogen exposure induced high-grade cervical dysplasia (Moody & Laimins 2010). 

E7 also may inhibit differentiation by binding and inhibiting the activity of p300/CAF 

(CREB-binding protein associated factor), the activity of which has been shown to 

acetylate RB1 at a coordinated time point so that keratinocytes exit the cell cycle and 

permanently differentiate (McCance 2005).  

Many of the mechanisms promoting anti-apoptotic activities and driving continual 

cell cycle progression are indirect biochemical effects in the sense that viral proteins are 

not directly interacting with some of the targets that promote these driving forces of 

malignant progression. In fact, p53 levels increased downstream of constitutive E2F gene 

transcription, but once again the synergistic relationship between E6 and E7 acts to 

neutralize the cell-cycle stalling and pro-apoptotic effects of p53. Signaling pathways 

associated with keratinocyte survival, such as cell-to-cell contact mediated E-cadherin 

signaling, are also altered to allow for successful viral replication. For example, E7 

upregulates the Akt kinases, which are well-characterized downstream effectors of E-
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cadherin and normally encourage pro-survival signals as keratinocytes detach from the 

basement membrane and stratify upwards (McCance 2005). 

 

1.4   MICRORNA 

 

1.4.1   Historical perspective on microRNA research 

Over the past 15 years, researchers in biology and medicine have begun to realize that 

RNA has qualities far beyond its sequence-specific ability to transfer genetic information. 

The discovery of RNA’s catalytic processes (Nobel Prize 1989, Thomas Cech and Sidney 

Altman), the description of riboswitches (Mironov et al. 2002; Nahvi et al. 2002;Winkler 

et al. 2002), RNA interference induced gene silencing  (Nobel Prize 2006, Andrew Fire 

and Craig Mello after report in 1998), and a growing appreciation for the secondary 

structural chemistry associated with the various forms for RNA (Ding et al. 2014, 

Rouskin et al. 2014, Wan et al. 2014) have fundamentally deepened our understanding of 

these amazing cellular components.  

MicroRNAs are one component of non-coding RNAs that represent an impressive 

translation of discovery into clinical application in a period of around 10 years. The 

database of published microRNA sequences and annotations currently contains 24521 

microRNA loci in 206 species that produce 30424 mature microRNA products 

(Kozomara & Griffiths-Jones, 2014). 2560 matures sequences have been identified in 

humans as of June 2013. The first microRNAs were identified as genes important for 

developmental timing in Caenorhabditis elegans (Lee et al. 1993).  In 2001, the Ambros, 

Bartel and Tuschl laboratories reported that many microRNAs are found in worms, flies, 
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and humans and exhibit remarkable evolutionary conservation (Lau et al. 2001, Lagos-

Quintana et al. 2001, Lee & Ambros 2001). Just one year later, George Calin of Carlo 

Croce’s lab demonstrated that the ubiquitously expressed microRNAs, miR-15 and miR-

16, are reduced from normal levels in ~68% of B cell chronic lymphocytic leukemia (B-

CLL) (Calin et al. 2002). Indeed, they were searching for elusive tumor suppressor genes 

within the 13q14 genomic region frequently deleted in CLL, and correlated reduced 

levels of miR-15/16 to this cytogenetic abnormality known to have associations with 

prognosis. This provided the first evidence for the involvement of regulatory elements, 

such as microRNA in the pathogenesis of human tumors. Although they did not know the 

relevant mRNA targets at the time, later work demonstrated that miR-15/16 target the 

oncogene BCL2, thus the loss or reduction in levels of miR-15/16 would lead to 

increased mRNA stability for a protein involved in cell survival. Meanwhile, 

developmental and cell biologists were elucidating the biogenesis pathway and cellular 

machinery associated with microRNA-induced gene regulation (Bartel 2004). 

In 2004, microarrays began to be modified to profile microRNA expression, marking 

the beginning of a research explosion. The next year, three definitive Nature papers 

demonstrated microRNAs modulate tumor formation, tightly control proliferative signals, 

and offer exquisite potential in classifying tumor types and developmental origins (He  et 

al. 2005; O’Donnel  et al.2005; Lu et al. 2005). Since then, research into understanding 

the function of microRNAs has significantly lagged behind observational or correlative 

studies. We have witnessed rapid advances in identifying microRNAs with disease-

specific expression patterns. Indeed the number of the latter correlative style of 

microRNA-associated publications far exceeds the former. As a function of this, 
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numerous groups are taking a genetic approach in knockout and transgenic mice to study 

the phenotypes associated with normal in vivo microRNA physiology. These studies have 

revealed surprisingly subtle phenotypes from knockout animals that can be significantly 

enhanced by acute or chronic injury and various forms of stress (Mendell & Olson 2012). 

It appears that although microRNAs play a role in development, these molecules rarely 

significantly contribute to the mammalian body plan. This is ironic because their original 

discovery was based on forward genetic screens in C. elegans that identified strong 

developmental phenotypes. The emerging paradigm for the functional niche of 

microRNAs in mammalian biology essentially proposes a role in profoundly influencing 

tissue responses to physiological or pathophysiological stress. This is provocative when 

thinking of disease as the result of inadequate responses to these stresses. In summary, a 

deeper understanding of how microRNAs and other ncRNAs function in normal 

physiology is a prerequisite for predicting the sequelae of therapeutically targeting 

ncRNA. However, based on our current knowledge, microRNAs are essentially ready for 

primetime as correlative biomarkers of health or disease. 

 

1.4.2   Biogenesis and function 

1.4.2.1  Transcription 

A large proportion of human genetic microRNA-loci are located within introns, and 

are co-transcribed by RNA polymerase-II with the host gene (Kim & Kim 2007). In some 

cases, this arrangement has been shown to be of functional significance, as certain 

microRNAs modulate the same biological process as the protein encoded by that 

particular gene (Mendell & Olson 2012). For the majority of microRNAs, their 
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transcriptional regulation appears to be similar to protein coding genes. The DNA-

binding factors that regulate microRNA transcription overlap with those of protein 

coding genes as well as the promoter structure and presence or absence of epigenetic 

marks such as DNA methylation and histone modifications (Davis-Dusenbery & Hata 

2010). For the remaining non-intronic microRNA genes, they are presumably transcribed 

from their own promoters and some may be a function of RNA-pol III transcription 

(Bartel 2004). Some microRNA genes are clustered in the genome with an arrangement 

implying multicistronic transcription; these, too, have the potential for sharing similar 

biological pathways (Bartel 2004).  

 

1.4.2.2  Regulation of microprocessor and dicer  

Following transcription, the so-called primary microRNA (pri-miRNA) is 

endonucleolytically cleaved by Microprocessor complex. The resulting ~60-100nt hairpin 

structure is then termed the precursor (pre-miRNA) and is exported out of the nucleus 

through an interaction with Exportin-5 and Ran-GTP. In the cytoplasm, additional 

cleavage events catalyzed by Dicer result in a ~22nt double stranded mature microRNA.  

The Microprocessor complex is comprised of a number of regulatory proteins, including 

heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1), DEAD-box RNA helicases 

p68 & p72, Breast cancer type 1 susceptibility protein (BRCA1), KH-type splicing 

regulatory protein (KHSRP), and fused in sarcoma/translocated in liposarcoma 

(FUS/TLS) in association with a double-stranded RNA-binding protein DGCR8, and the 

RNAase III enzyme Drosha (Mori et al. 2014). It is clear that Drosha and DGCR8 are 

coupled to an intricate feed-back circuit, as reports implicate copy-number alterations of 
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Drosha (5p13.3) or mouse models of Di George syndrome (wherein DGCR8 is deleted) 

are not fully consistent with ‘global alterations’ in microRNAs, instead showing 

relatively minor changes in microRNA levels despite dramatic alterations in 

Drosha/DGCR8 proteins (Muralidhar et al. 2007; Sugito et al. 2006; Stark KL et al. 

2008). Another perplexing observation associated with the Drosha/DGCR8 complex 

came from a study which demonstrated that in diverse mammalian and Drosophila cell 

lines, microRNA biogenesis is significantly activated in a cell-density-dependent fashion 

(Hwang et al. 2009). This increase in microRNAs was associated with enhanced 

processing by Drosha, although the mechanism associated with this was not known at the 

time. Lastly, there have been multiple reports suggesting inhibitory factors such as 

Lin28A/B, Musashi homolog 2 (MSI2), Hu antigen R (HuR), and NF90-NF45 can also 

bind distinct subsets of pri-miRNAs, leading to inhibition of Microprocessor activity 

(Mori M et al., 2014). 

The regulation of Dicer activity and the cleaving of pre-miRNA to mature microRNA 

occurs in a variety of ways. In general, there appear to be fewer Dicer-associated proteins 

compared to the Microprocessor complex, and the regulation of Dicer often involves 

direct inhibition of Dicer activity. Several Dicer-associated proteins have been described, 

including TAR RNA binding protein (TRBP), protein kinase R-activating protein 

(PACT), LIN28, and RNA binding motif 3 (RBM3) (Finnegan & Pasquinelli 2013). It 

appears that TRBP and PACT enhance Dicer processing. There are interesting reports 

elucidating the importance of TRBP activity as mutations in TRBP in human cancers are 

associated with decreased microRNA levels, while the MAPK/ERK signaling pathway 

phosphorylates TRBP-enhancing microRNA processing (Melo SA et al., 2009; Paroo Z 
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et al., 2009). PACT has unique functions, but depletion of either protein decreases steady 

state Dicer levels (Lee et al. 2006). LIN28 and RBM3 are both RNA binding proteins 

with very selective mRNA or microRNA targets and diametric effects on Dicer activity, 

with current evidence suggesting that LIN28 inhibits and RBM3 stimulates Dicer activity 

(Finnegan & Pasquinelli 2013). 

 

1.4.2.3  RNA induced silencing complex and Argonaute (Ago) protein 

Fully processed microRNAs associate with a large protein complex, the RNA-

induced silencing complex (RISC), and one of the strands serves as a sequence-specific 

specificity determinant for the Argonaute (Ago) family of proteins. The single-stranded 

microRNA loaded onto miRISC is considered the ‘guide’ strand, while the other is 

deemed a ‘passenger’ strand, formerly indicated with an ‘*’ and is thought to be 

degraded, although they can be present at physiologically relevant levels and associate 

with RISC (Okamura et al. 2008). The miR-base repository provides deep sequencing 

reads for each mature stem-loop sequence across multiple cell lines and tissue samples, 

showing results for each of the two strands (5p or 3p), and the repository virtually always 

shows one strand as significantly higher than the other (Kozomara & Griffiths-Jones 

2011; http://www.mirbase.org). Currently, the model to explain which strand is selected 

is a thermodynamic model, whereby the selected strand is determined by the absolute and 

relative stability of the base pairs at the 5' end (Schwarz et al. 2003; Khvorova et al. 

2003). However, it has also been acknowledged that other factors influence this process; 

and in certain developmental stages, the conventional guide or passenger designations 
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have been observed to be reversed and activity described for the ‘*’ strand (Shin, 2008; 

Yang et al. 2011). 

Short “seed” sequences at the 5' end of the microRNA, nucleotides 2-8, are most 

critical in imperfectly binding to mRNAs and directing Ago proteins to perform activities 

that result in reduced translation or accelerated turnover of the targeted transcript 

(Djuranovic et al. 2011, Bartel 2009). There are eight genomic loci for Ago proteins in 

humans, and although all have the ability to interact with microRNAs or siRNA, only 

Ago2 has the ability to cleave to RNA (Diederichs & Haber 2007). However, in 

mammals, it is thought that most microRNAs lack sufficient complementarity to induce 

target mRNA cleavage. Instead, in association with various cofactors, Ago proteins 

induce translational interference or deadenylation (Finnegan & Pasquinelli 2013). 

Regardless, Ago proteins appear to have important effects on regulating microRNA 

stability and are limiting factors in microRNA biogenesis—ectopic Ago expression 

results in elevated mature miRNA expression posttranscriptionally (Diederichs & Haber 

2007). Retrospective tissue-based analyses have also shown reduced or absent Ago2 

proteins detected with immunohistochemistry in 35% to 40% of gastric and colorectal 

carcinomas, respectively—suggesting that this may contribute to the cancer development 

by deregulating microRNA regulation (Kim et al. 2010).  

 

1.2.2.4  Imperfect Complementarity 

The quality of ‘imperfect complementarity’ creates a bewildering degree of 

complexity associated with understanding the networks involved in microRNA-mediated 

phenotypes. Each microRNA can target hundreds of mRNAs and many mRNAs have 
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binding sites for multiple microRNAs. The current model proposes that microRNAs fine-

tune target protein abundance, often in ranges that differ only by around 2-fold. Thus, 

while each target is subtly regulated, the additive effect on a large number of target 

transcripts ultimately alters cellular behavior. However, another layer of complexity is 

involved when considering all of the competing elements such as RNA-binding proteins, 

competitive endogenous RNA transcripts, and competing microRNAs that could 

potentially interfere with bringing a microRNA and the RISC complex to a particular 

transcript. Interestingly, certain experimental evidence suggests that given the expression 

of a specific microRNA in a particular cell type, that the targets of that microRNA can be 

functionally linked into similar cellular pathways. For example, miR-34a is a tumor 

suppressive microRNA, transcriptionally activated by p53 that has been shown to 

promote cell cycle arrest (Wang et al. 2011). Pull down experiments with biotinylated 

miR-34a in cancer cell lines revealed ~1000 targeted genes as validated miR-34a targets, 

and that most of these genes were involved in distinct cellular pathways associated with 

cell cycle progression and growth factor signaling. This suggests an orchestrated role for 

miR-34a in tempering proliferative and prosurvival effects on the cells and underscores a 

compelling aspect of understanding certain microRNA functions (Lal et al. 2011).  

 

1.4.3   MicroRNAs and cancer 

1.4.3.1  DNA based alterations 

There is a genetic basis for certain dysregulations of microRNAs based on the regions 

in which they reside in the genome. One of the early observations is that some 

microRNAs involved in cancer often reside in fragile sites, minimal regions of loss of 



 50 

 heterozygosity, minimal amplicons, or breakpoint cluster regions (Calin, et al. 2004). 

This observation is widely cited, but its generalizability for all microRNAs involved in 

cancer is not entirely clear; indeed, even in the original publication, 98 out of 186 

(52.5%) of cancer-associated microRNA genes analyzed are found in fragile sites or 

cancer-associated genomic regions. Later, larger scale studies have validated that 

genomic alterations in microRNA loci are highly prevalent in several tumor types and 

that copy number changes correlates with microRNA expression (Zhang et al. 2006). 

 

1.4.3.2  Global microRNA decrease in cancer 

Cancer has been shown to be associated with a global decrease in microRNA levels 

(Lu et al. 2005; Thomson et al. 2006; Lee et al. 2008; Ozen et al. 2008; Maillor et al. 

2009). The genetic and biochemical basis for this phenomenon, and the question of 

whether it is causal to or a result of tumorigenesis are still incompletely understood. 

Murine models and work with human lymphoma cell lines support the notion that global 

miRNA suppression has a causative role in tumorigenesis and enhances tumor 

progression (Kumar et al. 2007, Chang et al. 2008, Kumar et al. 2009). It is possible that 

reduced microRNA levels are selected during tumor development or progression because 

this provides proliferative or survival advantage (Ventura & Jacks 2009), or it could be 

that this phenomena is a reflection of dedifferentiation or simply a by-product of high 

proliferation rates. Notably, these explanations are not mutually exclusive. On one hand, 

experimental lung cancer models have demonstrated that knockdown or deletion of 

components of the microRNA processing machinery is associated with accelerated 

growth kinetics and tumor development (Kumar et al. 2007). While on the other hand, 
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inducing differentiation with all-trans-retinoic acid in cancer cell lines leads to significant 

increases in microRNA levels (Lu et al. 2005).  

 

1.4.3.3  Consequences of microRNA dysregulation 

Regardless of the nature of the causes, the consequences of microRNA dysregulation 

in cancer tissues appear to be particularly significant. There are potent effects in cancer 

cells associated with the gain or loss of numerous microRNAs. Further, there are well 

established roles for particular microRNAs as either tumor suppressors or oncogenes. 

This seems in stark contrast with the genetic studies discussed above in worms and mice, 

which collectively suggest minimal effects of microRNA loss on overt phenotypes in 

unstressed animals (Mendell & Olson 2012). However, numerous studies have shown 

that systemic administration of tumor-suppressive microRNAs in mice seems to 

selectively affect tumor relative to normal tissues. This supports the prevalent and 

evidence-based hypothesis in cancer biology: a state of heightened cellular sensitivity to 

microRNA-mediated activity is associated with neoplastic transformation (Kota et al. 

2009, Pramanik et al. 2011, Trang et al.,2011, Mendell & Olson 2012). The cellular 

stresses associated with genomic instability, protein misfolding, increased metabolism, 

dependency on mitogenic and survival signals, et cetera, could be seen as driving forces 

for microRNAs to affect phenotypic outputs in the setting of cancer.  

To be sure, a myriad of biochemical mechanisms exist by which microRNAs 

participate in tumorigenesis and/or cancer progression, but a useful model, based on the 
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current understanding, is helpful in generalizing the mechanisms of actions of particular 

microRNAs (adapted from Mendell & Olson 2012): 

Positive stress signal effector:  A signal induces a transcription factor that 

transactivates microRNA(s). The microRNA(s) carry out the cellular response to 

the original signal, e.g., DNA damage induces p53, which transactivates miR-34a, 

and  miR-34a inhibits proliferative and anti-apoptotic transcripts. 

Modulator of stress signal: A mitogenic signaling pathway is inhibited at multiple 

levels by a single microRNA, e.g., miR-16 inhibits CDK6, CARD10, and CDC27. 

Negative feedback to dampen stress signal: A microRNA is induced by a pathway 

and inhibits upstream positive constituents of the pathway, e.g., TRAF6 and 

IRAK1 activate NF-kB, which induces miR-146a. miR-146a inhibits TRAF6 and 

IRAK1.  

Positive feedback to amplify stress signal: MicroRNA is induced by a pathway 

and inhibits the inhibitors of the pathways, e.g., MAPK/ERK signaling induces 

miR-21, which represses negative regulators of the pathway.  

Signal buffering: A particular signal is enhanced by the actions of a microRNA 

that can act on both positive and negative inhibitors of a pathway; thus, they can 

promote or inhibit tumorigenesis or progression depending on the particular 

targets available. 

With these concepts in mind, microRNA systems biology is relevant to cancer 

because the prevailing evidence suggests that they can act as nodes in signaling networks 
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that either ensures homeostasis or reinforces transcriptional programs important in the 

regulation of tumorigenesis, metastasis, and stem cell biology (Inui et al. 2010). Facing 

the complexity of the signaling networks that involve disease-relevant microRNAs is a 

daunting task, requiring significant computational and mathematical modeling. Indeed 

this complexity poses a significant challenge highlighted by the fact that if the prevailing 

view of microRNAs having additive effects on hundreds to thousands of targets is 

correct, it becomes very difficult to experimentally address the mechanistic basis for the 

role of microRNAs in cancer. Many would point out that most conclusions drawn from 

microRNA target analyses are correlative (Mendell & Olson 2012). 

1.4.3.4  Single nucleotide polymorphisms 

It is also becoming apparent that single nucleotide polymorphisms (SNPs) at many 

levels of the microRNA pathway may affect pathological gene regulation that influences 

tumor susceptibility (Nicoloso et al. 2010). The concept associated with this is relatively 

straightforward: SNPs in either a microRNA or its binding site can subtly alter a gene and 

consequent protein expression. Furthermore, SNPs can alter secondary hairpin structure 

leading to altered microRNA processing. 

 

1.4.3.5  Competitive endogenous RNAs 

Another layer of complexity associated with the regulatory networks involving 

microRNA-based gene regulation is the finding that target sites for microRNA binding 

are by no means confined to 3' UTRs of protein coding messenger RNAs. For example, 

competitive endogenous RNAs (ceRNAs) are pseudogenes that share target sites, or 

microRNA response elements (MREs), with particular protein coding genes. When 
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expressed, ceRNAs act to sequester microRNAs in an analogous fashion to competitive 

inhibition. The phenomenon was first demonstrated by Phillip Sharp’s laboratory who 

engineered microRNA sponges or plasmids overexpressing transcripts with multiple 

MREs to suppress intracellular microRNA function (Ebert et al. 2007). Then in 2011, 4 

simultaneous papers in Cell demonstrated the relevance of miRNA-ceRNA networks for 

glioblastoma, muscle differentiation, mouse models of melanoma, and large cancer-

derived gene expression datasets (Karreth et al. 2011; Tay et al. 2011; Cesana et al. 2011; 

Sumazin et al. 2011). Collectively, these works support a reverse logic wherein protein-

coding and non-coding mRNAs directly communicate with microRNAs, resulting in 

active regulation of both the microRNA and protein coding mRNAs. Importantly, they 

also demonstrate that ceRNAs can have tumor suppressive properties and are frequently 

lost in human cancer. These insights also strongly support the need for combined 

computational and experimental approaches with multidisciplinary teams working 

together to decipher the critical nodes in these complex networks that contribute to 

disease.  

1.4.3.6  Implications of Hippo pathway and conclusions 

Cell-density-dependent activation of microRNA biogenesis is another poorly 

understood but widely appreciated phenomena (Hwang et al. 2009). In order to 

understand the relationship between this and reduced global microRNA levels in cancer, 

Mori et al. examined the role of the Hippo-signaling pathway as a potential regulator of 

microRNA biogenesis as a function of cell-density (Mori et al. 2014). Dysregulation of 

Hippo signaling is widely observed in human tumors (Zhao et al. 2010; Harvey et al. 

2013). The authors show that constitutive activation of the downstream protein target of 
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the Hippo signaling pathway, Yap, causes widespread microRNA suppression in cells 

and tumors. This happens at the level of post-transcriptional control during an interaction 

between Yap and one of the many cofactors necessary for controlling Microprocessor 

activity, p72. In normal tissues, elevated global microRNAs may be repressing 

proliferation and promoting differentiation. The Hippo pathway links contact-inhibition 

in normal cells to increased microRNA, and may be responsible for global microRNA 

repression seen in human tumors. These new insights represent important progress 

because small molecular modulators of the Hippo pathway could restore microRNA 

expression in cancer cells, and it suggests an important question for future research: How 

do cell signaling pathways function to regulate microRNA expression? Moreover, it is 

important to pursue the question of whether microRNA processing is selectively 

downregulated in other proliferative contexts, e.g., wound healing, progenitor cells, and 

stem cell maintenance.  

Taken together, expression profiling of cancers and functional studies performed in 

cancer cell lines and murine models have revealed provocative patterns implicating 

miRNA-mRNA dysregulation as important in tumor development and progression. 

Somewhat independent of miRNA biology, miRNA profiles offer diagnostic and 

prognostic utility in cancer and other diseases that may guide treatment choice in the 

future (Yanaihara et al. 2006, Schetter et al. 2008, Schultz et al. 2014).  
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1.4.4   microRNA as biomarkers: Potential, rationale, challenges 

An ideal biomarker would meet a number of qualities from the perspective of clinical, 

analytical, and practical criteria (Gounden & Zhao 2013). It should be highly sensitive 

and specific for the condition or process being evaluated. The detection process and 

quantification should be robust, rapid, simple, accurate, reproducible and 

inexpensive. Likewise, there should be minimal or predictable pre-analytical variability. 

The utility of a biomarker is often enhanced if the levels are proportional to the degree of 

severity of pathology. And clinically, an ideal biomarker would be obtained via 

minimally invasive procedures.  

In general, microRNAs have the potential to serve as excellent biomarkers because of 

their remarkable stability both outside of cells and within frozen or formalin fixed 

paraffin embedded tissues. They have the potential to correlate with the degree of 

severity of pathology. Moreover, due to their physiochemical properties, they can be 

detected in sputum, blood, serum, urine, saliva, and other relatively non-invasive 

collection fluids. Further, microRNA expression patterns are cell type and 

developmentally stage specific; furthermore, particular profiles are pathognomonic for 

various diseases, including poorly differentiated cancers (Visone et al. 2009; Rosenfeld et 

al., 2008). Indeed, cancer-specific microRNA fingerprints have been identified in every 

type of cancer analyzed. Additionally, drug resistance accounts for the majority of 

disease relapses in chemotherapy-treated individuals, and there is limited evidence that 

microRNAs can mediate certain instances of this urgent problem (Bourguignon et al. 

2009; Yamamoto et al. 2011; Hu et al. 2013; Yan  et al. 2013; Takwi et al. 2013). Even if 

a mechanistic basis for the cancer-associated microRNA finger prints or drug resistant 
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phenotypes are not fully elucidated, there are strong proponents for using any informative 

changes in microRNAs regardless of biology or microRNA function. However, there are 

technical issues such as instrumentation, normalization, analytical characteristics, and 

many other variables that need to be sorted out before microRNA diagnostics can be 

embraced by practicing clinicians. The ultimate measure of a biomarker should be its 

ability to enhance the optimal management of patients. Therefore, the major question for 

microRNA-based diagnostics is whether these potential biomarkers will lead to 

significantly improved diagnostic workup compared to biomarkers already in-use as 

diagnostic standards. 

Briefly, it should be made clear that there are three areas or processes that can be 

addressed by microRNA diagnostics: 1) functional biomarkers, in which changes in 

microRNAs indicate mechanistic involvement of a particular biological process; 2) 

contextual biomarkers, in which cell-type specific expression changes indicate 

perturbations in a particular tissue (stroma vs tumor) or cellular compartments (increased 

CYP450 activity); and 3) correlative biomarkers where a group of microRNAs indicates 

the presence or absence of a disease regardless of cell source or biological process 

(Sempere 2012). These areas are not absolute or mutually exclusive, but they do help 

when trying to understand microRNAs as proximal causal indicators or relative 

bystanders to the process or disease under evaluation. 

 The major technical hurdle to making use of microRNAs clinically is 

implementing robust, rapid, and reproducible detection and quantification technologies. 

There are anecdotal reports suggesting that heparin-coated tubes for blood collection are 

incompatible with qRT-PCR analysis, currently the gold standard detection system 



 58 

(Sempere 2012). Normalization strategies in cell-free RNA preparations such as serum 

and urine for microRNA-based quantification is difficult since there does not appear to be 

universal reference genes. Some microRNAs in cell free samples are derived from lysed 

cells and others from secretary mechanisms for specific microRNAs contained in 

exosomes or in association with lipoprotein complexes, potentially confounding 

interpretation if not accounted for (Sempere 2012). Circulating microRNAs may also 

represent the immune response against a cancer. Because some tumors actively inhibit 

the immune system, it is important to know if a particular biomarker signal is derived 

from tumor or stroma and whether or not that creates an unforeseen variable in the 

development of screening tests. It is also widely acknowledged that low correlations 

between different detection platforms exist; thus, standardization is an important 

challenge moving forward. In summary, issues that need to be addressed include the 

current limitations and challenges associated with experimental design, quality control 

and standardization, normalization strategies, and placing all of these variables in the 

biological context of the particular disease and sample-type for which the test is designed.  

 

1.5   PROJECT HYPOTHESIS 

A series of observations regarding dysregulated microRNAs in HNSCC led to the  

hypothesis that HPV+ OPSCC lesions display distinct microRNA profiles and that 

alterations in specific microRNAs may contribute to disease progression. High-risk HPV 

infection is known to modulate many cellular pathways and promote cellular 

transformation (Moody & Laimins 2010). Unlike many DNA viruses that express their 

own microRNAs, papillomaviruses instead alter the expression of cellular microRNAs. 
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Cervical cancer incidence is declining in developed countries, whilst HPV-associated 

oropharyngeal cancers are projected to surpass annual numbers of cervical cancers in the 

US by the year 2020, making HPV+ OPSCC the dominant HPV-associated cancer in the 

US (Chaturvedi et al. 2011). Therefore, prevention strategies for HPV+ OPSCC are 

urgently needed, and developing clinically useful biomarkers that are closely tied to the 

ability of the virus to transform host cells and the subsequent neoplastic and metastatic 

progressions are critical. The overwhelming majority of HPV+ HNSCC tumors arise 

deep within the crypts of the tonsils of the oropharynx; as such, these tumors are 

obscured from routine gross visualization in dental exams, which patients often present 

with lymph node metastases. Toward this end, the aim of the current study was to profile 

microRNA expression patterns in human tissue samples of HPV+ vs HPV- HNSCC to 

provide a more detailed understanding of pathological molecular events and to identify 

biomarkers for early diagnosis, improved staging, and prognostic stratification. 
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Figure 1.0: Head & Neck Squamous Cell Carcinoma incidence rates worldwide. This 
figure represents age‐standardized incidence rates (per 100,000 men and women) of 2008 head and neck 
cancer in the world (IARC GLOBOCAN, 2008). Incidence rates per geographic region are represented in 
various shades of blue. One cannot appreciate the value of this interactive map without going to the website  
(http://globocan.iarc.fr/Pages/Map.aspx). Please note that 2012 data classifies head and neck squamous cell 
cancer according to anatomical location; hence, 2012 data does not show combinations of esophagus, 
larynx, lip/oral cavity, and pharynx. The 2008 data is very similar to 2012 data but has detail needed in this 
study that is not available in the updated data. Image from Gillison et al., 2014. Reprinted with permission, 
license number: 3347730388911 

 
 
Table 1.0: Estimated cancer incidence in the US according to GLOBOCAN 2012 

>100,000/year  30-70,000/year  ~20,000 or less/year  
Prostate 233159   Melanoma of skin 69109   Brain, nervous sys 21611   
Breast 232714   Bladder 68639   Stomach 21155   
Lung 214226   Non-Hodgkin  63066   Ovary 20874   
Colorectal 134349   Kidney 58222 Multiple myeloma 19626   
  HNSCC* 52566 Esophagus 16768   
  Thyroid 52126   Cervical 12966   
  Uterine 49645   Gallbladder 9431   
  Pancreas 42885   Hodgkin lymph 8601   
  Leukemia 39658   Testicular 8073   
  Liver 30449   Kaposi sarcoma 1127   
  *=combined across anatomical sites  
  Lip, oral cavity 26064   
  Larynx 12373   
  Pharynx 12099   
  Nasopharynx 2030   
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Figure 1.1: Head and neck anatomy. Oropharyngeal region shaded in grey 

Table 1.1: MicroRNAs in HNSCC. Like many cancers, HNSCC has been subject to multiple 
studies comparing normal aerodigestive mucosa to carcinoma. The table summarizes microRNAs generally 
dysregulated in HNSCC. None of these studies considered HPV specifically. 

Study authors Comparison 

Cancer 
associated 
microRNA Authors’ Conclusions 

Tran et al., 2007 Nine 
HNSCC 
Cell lines 

Increased: 
miR-21, 
miR-205 

MicroRNA changes are consistent between cell lines  

Chang et al., 
2008 

Cell lines vs 
normal (N) 
or tumor 
tissues (T) 

Increased: 
miR-21 

Mir-21 is a putative oncogenic microRNA 
 

Won et al., 2008 N vs T Decreased: 
miR-133a 
and miR-
133b 

Decreased microRNAs correlates with increased pyruvate 
kinase type M2 in tongue cancers 
 

Fletcher et al., 
2008 

Multiple 
normal 
tissue types 
vs normal 
squamous 
epithelium. 
Lymph 
nodes with 
metastatic 
SCC vs no 
mets 

miR-205 Examined the expression of microRNA-205 across 
tissues and demonstrated that its expression is highly 
specific for squamous epithelium 
Could detect metastatic HNSCC in each positive lymph 
node specimen, whereas benign specimens did not 
express this marker. 
When compared to metastases from other primary 
tumors, HNSCC-positive lymph nodes were 
distinguishable by the high expression of this marker.  
Able to detect as little as one squamous cell in a 
background of 1 million lymphocytes. 

Avissar et al., 
2009 

Cell lines vs 
N or T 

miR-221 
miR-375 

Data suggest cultured tumor cell lines are inappropriate 
for microRNA biomarker identification (clustered away 
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 from tumor and normal tissue) 
Expression ratio of miR-221:miR-375 showed a high 
sensitivity (0.92) and specificity (0.93) for disease 
prediction for HNSCC 

Childs et al., 
2009 

T vs N 
 

Increased: 
miR-21 
Decreased: 
miR-1, 
miR-133a, 
miR-205, 
let-7d 

miR-21 is frequently overexpressed in human HNSCC 
tumors 
Low levels of miR205 significantly associated with loco-
regional recurrence independent of disease severity at 
diagnosis and treatment 
Combined low levels of hsa-miR-205 and hsa-let-7d 
expression in HNSCC tumors are significantly associated 
with poor head and neck cancer survival 

Cervigne et al., 
2009 

Progressive 
and non-
progressive 
oral 
leukoplakia 
vs oral 
tumor tissue 

Increased 
in tumor: 
miR-21, 
miR-181b, 
miR-345 

These microRNAs were consistently increased and 
associated with increased lesion severity during 
progression 

Ramdas et al., 
2009 

N vs T Many, 
including 
increased 
miR-21 

20 microRNAs and gene expression used to stratify 
tumors from adjacent normal tissue 
 

Park et al., 2009 Normal 
saliva vs 
oral cancer 
saliva 

Decreased: 
miR-125a 
and miR-
200a 

Salivary miRNAs can be used for oral cancer detection 

Henson et al., 
2009 

Cell lines Decreased: 
miR-125b 
and miR-
100 

Transfection of microRNAs lost in OSCC cell lines 
reduced cell proliferation and modified the expression of 
target and nontarget genes 
 

Hui et al., 2010 N vs T Increased: 
miR-21, 
miR-155, 
let-7i, miR-
142-3p, 
miR-106b 
Decreased: 
miR125b, 
miR-375  

Minimal differences in profiles between laryngeal, 
oropharyngeal, or hypopharyngeal cancers. 
Underexpression of miR-375 and overexpression of miR-
106b-25 cluster might play oncogenic roles in this disease 
 
 

Chen et al. 2012 
 

Meta-
analysis of 
13 published 
microRNA 
profiling 
studies  
 

Increased: 
miR-21, 
miR-155, 
miR-130b, 
miR-223, 
miR-31 
Decreased: 
miR-100, 
miR-99a 
miR-375 

IGF1R and mTOR signaling pathways appear to be 
targets of dysregulated microRNAs in HNSCC 

Qu et al., 2012 radio-
resistant vs 
sensitive 
NPC cellline 

miR-205 miR-205 is elevated in radio-resistant cell lines 
miR-205 is significantly elevated followed the 
radiotherapy 
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Table 1.2: Differences between HPV-positive and HPV-negative head and neck 
squamous-cell carcinomas. Adapted from: Marur et al., Lancet Oncol 2010 Aug;11(8):781-9. 
 

 
HPV-positive tumors HPV-negative tumors 

Anatomic site Tonsils and base of tongue 
(oropharynx) All sites 

Histology Non-keratinizing Keratinizing 

Age Younger cohorts Older cohorts 

Sex ratio 3:1 men 3:1men 

Stage Tx, T1–2 Variable 

Risk factors Sexual behavior Smoking and excessive 
alcohol 

Incidence Increased Decreasing 

Survival Improved Unchanged 

 
 

 
 

 
Figure 1.2: Classical morphological features of oropharyngeal squamous cell 
carcinomas by hematoxylin and eosin staining.  
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Figure 1.3: Common and distinct chromosomal profiles of HPV+ compared with 
HPV− HNSCC relative to HPV+ cervical SCC (CxSCC). Array-based comparative genomic 
hybridization identified specific chromosomal alterations in HPV+ and HPV− SCC from head and neck or 
cervical tissue. A gain at 3q and a loss at 11q were common in all sample groups, whereas a loss of 13q and 
a gain at 20q were representative of HPV+ disease, regardless of the tissue of origin. Adapted from Wilting 
et al., 2009 under a Creative Commons Attribution License. 

Table 1.3: Key genes up-regulated in HPV+ tumors. Data from Martinez I et al., 2007; 
Lohavanichbutr P et al., 2009; Pyeon et al., 2007; Wilting SM et al., 2009 

Gene Upregulated in HPV + 
tumors 

 
Function 

CDKN2A (CDK inhibitor 2A) Cell cyle inhibitor, product of E2f transcription 
PCNA (proliferating-cell 
nuclear antigen) 

Cell cycle-dependent auxillary protein nfor DNA 
polymerase delta, (also required for SV40 DNA replication 
in vitro) 

RFC4 (replication factor C4) Accessory protein (with PCNA) for DNA pol δ and ε. Part 
of a large multisubunit protein complex of DNA-damage 
sensors called BASC 
[BRCA1 (breast cancer early-onset 1)-associated genome 
surveillance complex] 

MCM2 (minichromosome 
maintenance complex 2) 

Early S-phase protein involved in DNA replication, 
probably regulated by E2F motifs 

MCM3 (minichromosome 
maintenance complex 3) 

Involved in DNA replication; probably serves as helicase 
that links a histone chaperone to a histone H3–H4 bridge 

CDC7 (cell-division cycle-7)- Protein kinase essential for the G1/S-phase transition and 
initiation of DNA replication. May regulate DNA 
replication by modulating MCM 
functions 

TYMS (thymidylate 
synthetase) 
 

Maintains the dTMP pool critical for DNA replication and 
repair 

CCNE2 (cyclin E2) Activates CDK2 and is involved in DNA synthesis 
USP1 (Ubiquitin-specific 
protease 1) 

Negatively regulates PCNA polyubiquitylation, a process 
normally induced by DNA-damaging agents 

BRG1 (BRM/SWI2-related 
gene 1) 

Involved in a switch in ATP-dependent chromatin-
remodeling mechanisms that coincide with the final mitotic 
division. Note that this essential transition is mediated by 
repression of BAF53a (BRG1-associated factor 53a) by 
miR-9* and miR-124 
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Figure 1.4: HPV Genome organization. The viral genome of HPV is a double-stranded circular 
genome of approximately 8 kb transcribed as polycistronic mRNAs with eight ORFs. High-risk HPV 
genomes contain two viral promoters (*) encoding early (E) and late (L) genes. 
 

 

Figure 1.5: HPV infection of oral mucosa. HPV (red) infects proliferating cells in the basal layer 
that are exposed by wounding. The virus replicates in synchrony with cellular DNA replication. The 
highest level of viral replication occurs in the granular layer, as expression of HPV E6 and E7 maintain 
proliferation of these normally terminally differentiated cells. Mature virions are released through the 
cornified layer. 
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Figure 1.6: Representation of HPV-16 E6 structure and binding partners. HPV E6 
proteins are approximately 150 amino acids and contain two zinc-finger domains. Identified binding 
partners of the N- and C-terminal domains are indicated below. AMF-1, autocrine motility factor 1; E6TP1, 
E6-targeted protein 1; ERC55, endoplasmic reticulum Ca2+ -binding protein of 55 kDa; Mcm7, 
minichromosome maintenance 7. Adapted with permission from Wise-Draper, T.M. and Wells, S.I. (2008) 
Papillomavirus E6 and E7 proteins and their cellular targets. Front. Biosci. 13, 1003–1017. 
©2008 Frontiers in Bioscience. 
 

 

Figure 1.7: Representation of HPV-16 E7 structure and binding partners. HPV E7 
proteins are approximately 100 amino acids in length and contain a single zinc-finger domain. Three 
conserved regions designated CR1, CR2 and CR3 are homologous with adenovirus E1A and SV40 large T-
antigen and are essential for viral oncogenesis. Identified binding partners of the N- and C-terminal 
domains are indicated below. BRG1, BRM/SWI2-related gene 1; TBP, TATA-box-binding protein. 
Adapted with permission from Wise-Draper, T.M. and Wells, S.I. (2008) Papillomavirus E6 and E7 
proteins and their cellular targets. Front. Biosci. 13, 1003–1017. 
 ©2008 Frontiers in Bioscience. 
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Figure 1.8: Pubmed entries that reference microRNA by year 

 

Figure 1.9: MicroRNA Biogenesis Pathway. From Sedani et al. Human Genomics 2012 6:23, 
under a Creative Commons Attribution License. 
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CHAPTER 2. IDENTIFICATION OF PATIENT COHORTS 

 

2.1   INTRODUCTION 
 

In order to investigate the hypothesis that HPV+ OPSCC lesions display distinct 

microRNA profiles, tissue was collected retrospectively from the Department of 

Pathology and Anatomical Science’s formalin-fixed paraffin embedded tissue archives at 

the University of Missouri School of Medicine Hospitals and Clinics (UMHC). The 

initial phase of this study consisted of seeking Health Sciences Institutional Review 

Board approval for exempt status based on research involving study of existing patient 

records, pathological reports, and pathological specimens. Inclusion criteria were 

patient’s age (19 years or older) and a diagnosis of oropharyngeal squamous cell 

carcinoma, specifically the primary disease of the tonsils or base of tongue with available 

pathology specimens between 2006-2011. The restriction of anatomical sites to only 

include disease of the oropharynx is because of the low prevalence of HPV among non-

oropharyngeal squamous cell carcinomas (Gillison et al. 2008). Exclusion criteria 

included recurrent cases, tumors other than OPSCC, minimal paraffin embedded tissues, 

or cases corresponding to missing or unavailable paper/electronic charts at UMHC. On 

September 13, 2010, the project “Assessment of Oropharyngeal Cancer Cases for Signs 

of Human Papillomavirus (HPV)” was approved (IRB project #: 1168097). 

Subsequently, charts were reviewed extensively for pathological diagnosis, tumor 

grade and stage, treatment history, and relevant clinical history including social history, 

family history, co-morbidities, and any available follow-up or outcome-based notes. 
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Archived formalin-fixed paraffin embedded (FFPE) tissue blocks were then assessed 

according to their H&E morphology and with panel of antibodies for 

immunohistochemical (IHC) staining. Based on extensive support in the literature, anti-

p16 immunohistochemical characterization of the HPV+ and HPV- cohorts was selected 

as a surrogate marker for HPV positivity.   

As the biological and clinical significance of p16 IHC test interpretation is broadly 

important for HNSCC and fundamental for interpreting the results herein, the rationale 

for using p16 is discussed. Because HPV status represents a prognostic biomarker with 

potential clinical utility, there has been a great deal of research on the performance of 

assays used for HPV detection as well as the definition of positive or negative tests. 

Briefly, the classification of ‘HPV positive’ is more complicated then simply 

demonstrating the presence of HPV DNA and is often an area of debate and confusion 

regarding the optimal testing method (Gillison 2006). Assays for viral DNA such as type-

specific polymerase chain reaction (PCR) or DNA in-situ hybridization (ISH) may detect 

the presence of biologically inactive DNA (Chung & Raben 2010). Many measures of 

sensitivity and specificity for p16 staining are compared to DNA ISH or PCR for HPV 

DNA, although the gold standard is the detection of mRNA for E6 and/or E7. In general, 

the detection of viral mRNA from FFPE samples is technically challenging and because 

there is good correlation to HPV DNA ISH, most studies comparing p16 IHC to a gold 

standard are doing so relative to tests for HPV DNA (Chung & Raben 2010). p16 IHC is 

in theory, and in practice, a sensitive test for the presence of transcriptionally-active HPV 

regardless of HPV genotype. It is also highly affordable, widely available, and most 

importantly, strongly correlates with patient outcome (Lewis 2012). P16 
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immunoreactivitiy has also been shown to be 92% and 86% concordant with HPV16 ISH 

or E6 mRNA, with discordant cases likely representing non-HPV16 disease (Shi et al. 

2009). 

HPV+ tumors lack the broad array of significant oncogenic mutations that drive 

carcinogen-induced tumors. However, it is an oversimplification to say that HPV+ 

tumors are driven exclusively by the viral oncoproteins E6 and E7. There are myriad 

effects of these proteins, including genomic instability; however, the most well-

characterized and distinguishing feature of HPV+ tumors is E6 and E7-mediated 

modulation of the p53 and Rb activity respectively. Indeed, there is in vitro evidence 

showing that the establishment of HPV infection is dependent on the virus’ ability to 

modulate the mitotic phase of the cell cycle, where HPV infection can be blocked in 

293T or HaCaT cells in the presence of sublethal, low concentrations of a subset of cell 

cycle inhibitors, including etoposide, aphidicolin, and 5-fluorouracil (Pyeon et al 2008). 

Once an infection is established, the subversion of tumor suppressive activity by Rb and 

p53 still appear to be important in neoplastic HPV+ oropharyngeal cell lines since the 

knockdown of E6 and E7 in these cell lines results in restoration of tumor suppressor 

pathways and induction of apoptosis, thus the activity of E6 and E7 are necessary for the 

maintenance of the transformed phenotype (Rampias et al 2009).  

E7 primarily targets Rb family proteins, which inhibit the transcriptional activity of 

certain E2F transcription factors, key regulators of genes needed for replicating DNA in 

S-phase and preparing cells to divide (Zerfass et al 1995) (Figure 2.1). Under normal 

physiological conditions, mitogens or growth factors induce DNA synthesis and cell 

division via the activation of CDK4 by cyclin D1, which then phosphorylates the Rb 
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protein. When Rb is phosphorylated, it releases E2F transcription factors and leads to cell 

cycle progression via the accumulation of G1 cyclin-dependent kinase activity during 

normal cell cycle progression (Peurala et al. 2013). E2F1 overexpression leads to an 

inhibition of cyclin D1-dependent kinase activity and induces the expression of p16 

(Khleif et al 1996). P16 (CDKN2A) inhibits CDK4, thus leading to hypophosphorylated 

Rb, inhibition of cell cycle progression, and tempering of mitogenic pathways via 

negative feedback (Shapiro et al 2000, Takahashi et al 2006). E7 creates functional 

inactivation of p16 because Rb is effectively removed and cyclins A and E are 

transcribed as a function of E2F activity (Zerfass et al 1995). This functional inactivation 

is important since the protein essentially accumulates as a consequence of Rb inactivation 

by HPV E7 (Nakao et al. 1997) (Figure 2.2). Yet, in HPV-negative tumors, the p16INK 

locus is very frequently silenced either epigenetically or genetically, and therefore, is 

minimally detected (Reed et al 1996). 

 The above rationale and mechanistic basis is bolstered by multiple studies 

comparing HPV detection methods and their ultimate affects on clinical outcome. In 

general, the strength of the p16-expression assay is that it is HPV-type agnostic, it is easy 

to interpret, it does not pose the risk of cross contamination associated with PCR-based 

assays when multiple samples are being tested, and there is very strong agreement 

between tumor HPV status determined by DNA or RNA ISH and p16 (Ang et al. 2010; 

Shi et al. 2009; Reimers et al. 2007; Lewis et al. 2010; Rischin et al. 2010; Robinson et 

al. 2010; Schlecht et al. 2011). Currently, two major multi-institutional randomized 

clinical trials regarding treatment of HNSCC are currently stratifying patients according 

to anatomical site and p16 staining as a standalone test for oropharyngeal disease (RTOG 
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0920, A Phase III Study of Postoperative Radiation Therapy (IMRT) +/- Cetuximab for 

Locally-Advanced Resected Head and Neck Cancer, NCT00956007; & RTOG 1016, 

Phase III Trial of Radiotherapy Plus Cetuximab Versus Chemoradiotherapy in HPV-

Associated Oropharynx Cancer, NCT01302834) (Tables 2.1 and 2.2) 

A caveat to our methodology is associated with the specificity of p16 

immunohistochemistry. Multiple studies have demonstrated that a proportion of p16 + 

OPSCC cases are negative for markers of HPV DNA or transcriptionally active virus 

(Ang and Sturgis 2012) (Perrone et al. 2011). Indeed, from a clinical standpoint 

performing HPV testing in addition to p16 IHC is important to identify p16+/HPV- cases, 

although the significance of these relatively rare tumors is not entirely clear. The 

prognostic implications of p16 positivity in HPV- tumors is not fully characterized, but 

some reports suggest that p16 status, regardless of HPV status, is perhaps the strongest 

independent prognostic variable for cancer specific survival, recurrence free survival 

(RFS), and locoregional recurrent control (LRC) (Oguejiofor et al. 2013).  Perhaps 

further study is needed, but the improved outcomes for p16+/HPV- OPSCC compared to 

p16- and no difference associated with HPV+ and HPV- p16+ tumors makes the case that 

p16 IHC alone is an excellent test for risk stratification in OPSCC (Lewis et al. 2010). 

Therefore, the use of p16 IHC as (i) a correlate to HPV status and (ii) a prognostic 

biomarker make it an excellent choice. However, if HPV-specific targeted therapies were 

to be tested, then p16 IHC as a standalone would not be adequate because it cannot 

discriminate between Rb loss due to HPV compared to other molecular-genetic 

abnormalities (Chung & Raben  2010). Toward the end of identification of microRNAs 
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that correlate to HPV status, the use of p16 as a standalone marker to identify clinically 

relevant cohorts is bolstered by the above arguments. 

2.2   MATERIALS AND METHODS 

2.2.1   Case selection and chart review  

University of Missouri Hospital and Clinics surgical pathology tissue archives were 

queried for primary diagnoses of squamous cell carcinoma of the tonsils or base of 

tongue between the years of 2006-2011. The files were kept in locked and secure 

locations. These numbers were used to identify relevant clinical history in a power chart. 

Patients were initially divided into two cohorts according to either tonsillar- or base of 

tongue (BOT) primary sites, respectively. Patient history was then reviewed to obtain and 

record the following: gender, age, histological diagnosis, tumor grade/stage, alcohol use 

(never, 2 or less/day, greater than 2/day) ascertained according to clinic notes and 

collected as a quotation from patient. The data also included smoking history (never, 

<10pack years, 10 or more pack years), treatment status, family history, comorbidities, 

loco-regional occurrence, and mortality. Next, only cases with sufficient tissue available 

to cut additional slides were stained via IHC (see p16 staining). Subsequently, patients 

were placed in cohorts based on p16 staining, and only those who had no prior 

chemotherapy or radiation were included in tissue cohorts for laser capture micro-

dissection. An effort was made to include patients in both p16+ and p16- cohorts who 

smoked and who were never smokers.  
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2.2.2   p16INK4A immunohistochemistry 
 

Detection of p16 was performed according to the manufacture’s instruction using the 

CINtec®  histology kit (formerly MTM laboratories, now Ventana Medical 

Systems/Roche diagnostics). All sections were 4-micron sections cut from FFPE tissue 

blocks of primary tumor (as opposed to metastases). If available, archived H&E slides 

were also assessed to confirm tissue morphology and correlate H&E patterns to p16 

staining. All staining procedures were performed manually.  

The kit contained a set of reagents for the IHC detection of the p16 antigen and was 

designed in a two-step staining procedure for FFPE tissue sections. Sections were 

deparaffinized and rehydrated by first incubating slides in a drying oven set at 58 degrees 

Celsius between 20 to 60 minutes in order to improve adherence to the slide and melt the 

paraffin wax. Slides were then incubated at ambient temperature through a series of 

xylene baths, followed by increasingly dilute ethanol baths (95%, 70%), and finally, 

rehydration in deionized water. Xylene and alcohol solutions were changed on average 

after every 20 slides and never after processing more than40 slides. Epitope retrieval was 

performed with the manufacturer’s solution, which contained 100 mmol/L Tris buffer pH 

9 containing 10mmol/L EDTA and 15 mmol/L sodium azide. Coplin jars were filled with 

epitope retrieval solution, sealed, and then placed in 95-99 degree water baths to a level 

that ensured 80% submersion. After the temperature in the coplin jars was read to be 95-

99 degrees, slides were placed into the epitope retrieval solution, and the temperature was 

monitored. When the temperature in the water bath and the epitope retrieval solution in 

the jars reached 95-99 degrees, the slides were then allowed to incubate for 10 minutes, 
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after which, the jars were removed and allowed to cool for 20 minutes. The epitope 

retrieval solution was then removed and the slides washed in the manufacturer’s own 

CINtec® Wash Buffer (10x) (Catalog number: 8557) (sold separately) for 5 minutes. 

Next, endogenous peroxidase was blocked with the manufacturer’s solution of 3% 

hydrogen peroxide containing 15 mmol/L sodium azide. The slides were then washed, 

followed by application of ~200uL of primary (mouse anti-human) p16 antibody 

(prediluted). After incubation, the slides were washed twice in fresh wash buffer and 

treated with the manufacturer’s visualization reagent containing a polymer reagent 

conjugated with horseradish peroxidase and anti-mouse Fab’ antibody fragments in a 

solution of stabilizing protein and preservatives. After a 30-minute incubation, the slides 

were washed thrice, and subsequently treated with substrate-chromagen solution, i.e., 

3,3'-Diaminobenzidine (DAB) prepared according to the manufacturer’s instructions, 

then allowed to incubate for 10 minutes. After quenching the reaction in water, the 

sections were counterstained in a bath of hematoxylinand rinsed again, then dehydrated 

through a series of decreasingly dilute ethanol baths and two xylene baths prior to 

mounting cover slips.  

Results were interpreted and compared to internal negative controls of lymphocytes and 

normal tissue cytology. Endothelial cells often had positive nuclear staining for p16, thus 

serving as an internal positive control. The stained slide specimens were evaluated 

according to a binary rating system of ‘positive’ or ‘negative,’ with positive representing 

a continuous (at least 50-70%), tumor-cell specific cytoplasmic and nuclear staining 

pattern. Whereas negative staining represented sparse or most commonly absent tumor 

specific staining patterns. Non-continuous staining or focal-staining patterns, particularly 
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of the basal layers of focal tumor-cell positive patterns in the presence of mostly negative 

staining was interpreted as negative. All cases included for laser capture microdissection 

represented unambiguous staining patterns.  

2.3   RESULTS 

2.3.1   Morphological observations 

In general, typical histological labels for HPV-positive oropharyngeal carcinoma such 

as “poorly differentiated,” “basaloid,” and other descriptors that would imply an 

aggressive tumor type are discouraged in preference of the term “HPV-related squamous 

cell carcinoma” for its simplicity, clarity and directness (Westra 2012). However, there 

are certainly distinct histologic features that characterize this disease. It is thought that 

HPV targets the specialized reticulated epithelium lining of the tonsillar crypts and that 

the tumors arising in HPV+OPSCC reflect the unique morphological patterns of this 

epithelium, particularly a non-keratinizing or only partially keratinizing morphology 

(Westra 2012). Basaloid features, growth of tumors cells in nests or cords, and presence 

of central necrosis with cystic change are also quite common. Many of the p16+ tumors 

were observed to correspond with these distinct H&E morphological patterns.  

2.3.2   58% of OPSCC cases are HPV-associated 

In this study, the oropharyngeal squamous cell tumors diagnosed and treated at the 

University of Missouri School of Medicine Hospitals and Clinics between 2006 and 2011 

were characterized according to their staining patterns for p16 (Figure 2.3). These cases 

had not been previously stained for p16. National and international rates of HPV-driven 

tumors as a proportion of HNSCC have been called epidemic in scale. Therefore, the 

question was whether patients diagnosed with OPSCC at this institution reflect 
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concordant epidemiological proportions? Of the cases (n=109) stained for p16 

expression, 58% were positive (Figure 2.4). This number is likely a reasonable 

estimation of the population-level burden of HPV infection in OPSCC diagnosed and 

treated at the University of Missouri School of Medicine. Multi-institutional studies 

conducted across the US estimate 65-70% of OPSCC to be caused by HPV (Chaturvedi 

et al.; JCO 2011).  

2.3.3    Characterization of p16+ and p16- cohorts 

The 109 cases stained were divided into cohorts of p16+ (n=63) and p16- (n=46) and 

compared with student’s T-test or X2 for continuous or categorical clinical data, 

respectively. There was a statistically significant difference in gender and age and no 

significant difference in clinical stage or smoking status between the two cohorts (Table 

2.3).  The average ages in the cohorts under study were 56.49 and 61.00 years of age for 

p16+ and p16- cohorts, respectively (Figure 2.5). The p16+ cohort has a male 

predominance and inconsistent or weaker association with smoking or alcohol use. 

Although disease staging also has been associated with differences between HPV+ and 

HPV- OPSCC, with HPV+ disease more commonly associated with stage IV disease and 

frequent lymph node metastases at initial presentation, there was not a statistically 

significant difference in the cohorts under study.  

Interpretation of clinical data for the p16+ and p16- cohorts was critical so that age 

and smoking could be independently assessed as covariables in statistical analyses aimed 

at establishing the most significant differentially expressed microRNAs between these 

two cohorts. It has been postulated that the improved prognosis associated with HPV+ 

OPSCC is attributable to the relative younger age of this cohort and more infrequent 
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association with prolonged tobacco use. In particular, age and smoking have been shown 

in some studies to be important confounding variables associated with HPV status, with 

the risk of progression and death increasing directly as a function of tobacco exposure 

independent of tumor p16 status or treatment (Gillison et al. 2012; Ang et al. 2010).  

Alcohol use was difficult to assess. Of patient charts with sufficiently reliable clinical 

history available, the p16+ group had 54 patients with relatively binary answers, i.e., 

either non-drinkers or significant alcohol exposure (heavy use in the past, >2/days) and 

the p16- group had 30 patients with definitive notes in their charts regarding alcohol use. 

For the p16+ group, 36 individuals (66%) could be considered non-drinkers or having 

had low exposure to alcohol. This is compared to only 5 of 30 (~17%) patients in the 

p16- group who were non-drinkers.  

Disease staging also has been associated with differences between HPV+ and HPV- 

OPSCC, with HPV+ disease more commonly associated with stage IV disease and 

frequent lymph node metastases at initial presentation. The patient cohort under study 

qualitatively reflected this trend with no patients with stage I and only one with stage II in 

the p16+ cohort, compared to 4 patients with stage I or II disease in the p16-. Of note, 42 

patients, or 82% of those with staging information available from the p16+ cohort had 

stage IV disease. This is compared to 16 patients, or 66% of the p16- cohort presenting 

with stage IV disease. 

Overall, these clinical data were interpreted as a positive signal that the p16+ and 

p16- cohorts reflected true disease trends. Because the study’s question is based on the 

molecular biology of FFPE tumor tissue, and eventually aimed at comparing 

differentially expressed micoRNAs between these two patient cohorts, accuracy in chart 
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review was secondary to establishing tissue handling protocols and detection methods for 

HPV+ disease. But as mentioned, and as will be shown, smoking and age were assessed 

as cofounding variables since these metrics seemed reliable from chart review and 

because of their potential to alter microRNA profiles. A recent study by Hui et al. 

reported very strong correlation of microRNA profiles for HPV+ OPSCC between cases 

identified by p16 IHC or HPV16ISH (R2=0.8), thus providing support for p16 as a 

standalone test in the current study (Hui et al. 2013). The lack of perfect correlation was 

explained by the inability of HPV16ISH to detect other HPV genotypes, which accounted 

for ~5 to 10% of HPV+ OPSCC (Kreimer et al. 2005). 

 
2.4 DISCUSSION 

2.4.1. Testing Methods for HPV in OPSCC 

A number of detection and classification methods exist for pathology labs and 

surgical pathologists to diagnose HPV+ OPSCC. A combination of tests may be best 

when a patient’s treatment regimen, or risk stratification and prognosis are affected by the 

interpretation of the resulting test results.  Herein we have chosen immunohistochemical 

staining for p16 as a surrogate marker for HPV status for two reasons. First, the high 

sensitivity to and strong correlation with transcriptionally-active HPV makes it an 

essential component in subclassifying OPSCC into low- or high-risk subtypes.  This is 

bolstered by its strong correlation to loco-regional control and disease free survival. Thus, 

positive staining for p16 overexpression represents an independent prognostic factor, 

which is an important finding when considering the small possibility of false-positive 

staining when using p16 as a correlative marker for HPV status (positive for p16 but 

negative for HPV). Second, it is a widely available test that can be performed on any 
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FFPE specimen, and it is easy to interpret since positive cases are almost always strongly 

positive, and negative cases are commonly devoid of staining signal. These practical 

arguments are supported when comparing the cost of p16 IHC compared to other testing 

methodologies (Table 2.4), and also weighing some of the interpretation issues 

associated with DNA or RNA-based HPV detection systems. As a whole, in addition to 

p16 immunostaining, diagnostic tests for HPV associated OPSCC include, HPV DNA 

PCR, HPV DNA ISH, HPV RNA ISH, and mostly in the context of research applications 

HPV RTPCR for E6/E7. 

2.4.2.  HPV DNA PCR 

Because HPV is a DNA virus, DNA-based PCR with primers specific for HPV 

oncoproteins of L1 allow for type-specific detection of either integrated or episomal viral 

DNA. The major problem with this is that viral DNA is essentially a byproduct of 

infection and could represent past infection, processing by the immune cells, or detection 

in dysplasia, benign papillomas, and even clinically and histologically normal tissue 

(Syrjänen 2005;  Lewis 2012). Thus, the detection of HPV DNA does not allow for 

assessment of biological relevance, and its interpretation is hampered by the possibility of 

a past infection. Moreover, accounting for tumor heterogeneity is difficult with HPV 

DNA tests, as positive amplification could represent HPV DNA from non-tumor cells. 

These drawbacks are compounded by the laborious nature of performing PCR on clinical 

specimens.  

2.4.3. HPV DNA ISH 

In-situ techniques skirt this problem by allowing for detection of HPV DNA in tissue 

sections; thus, positive signals can be defined as being from tumor cells as well as 
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compared between tumor cells to account for tumor heterogeneity. Indeed, many 

pathologists consider this the current gold-standard test. There are a few reasons for this, 

beginning simply with the fact that the results of the test are read with a light microscope, 

making it easy to correlate with tumor H&E histology and p16 protein expression results. 

Additionally, the DNA probes can be selective for a number of targets, thereby allowing 

for the ability to genotype. It is also possible to determine if the virus is episomal (diffuse 

nuclear staining) or integrated (punctate nuclear signals). Interpreting the significance of 

this last question is still somewhat difficult because it is clear that the virus can be 

biologically significant in OPSCC regardless of whether it is integrated or episomal, but 

it remains a question if this has bearing on prognosis or disease course. Some critics 

suggest that this technique is not entirely sensitive; thus, the risk of false negatives is high 

enough that negative results should be questioned if other clinical factors point towards 

an HPV+ case. Lastly, DNA ISH does not provide information about the role of HPV in 

cancer initiation or tumor maintenance since it is not possible to determine the 

transcriptional activity of HPV with DNA ISH alone, and the virus could be a vestige or 

prior infection. 

Detection of viral mRNA is one way to get at the question of biological significance. 

Two major detection mechanisms exist that focus on identifying E6 and E7 viral mRNA, 

qRT-PCR for E6/7 and RNA ISH. Each provides exquisite sensitivity and specificity, and 

in light of positive results, are interpreted to mean that the virus is biologically active 

regardless of whether the HPV DNA is episomal or integrated. However, these 

techniques are currently costly, laborious in the case of PCR, and at the times of 

developing, the tissue-handling protocol for RNA ISH was not available.  
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Overall, it is clear that p16 IHC is not entirely specific for HPV in OPSCC. However, 

in the context of interpreting the significance of false-positives and weighing the costs for 

each of the testing methodologies, it certainly represents a cost-effective means of 

establishing clinically relevant prognostic data in the context of OPSCC (Table 2.4). It is 

estimated that 10,000 new cases of OPSCC are diagnosed per year in the US alone 

(Lewis); thus, if HPV-specific tests are added to the cases that stain positive for p16, the 

additional costs would be between $412,500 and $3,000,000 for technical costs alone.  

All of these testing methodologies require frozen or formalin fixed tumor tissue, such that 

a patient with clinically detectable oropharyngeal disease would have already undergone 

a procedure to procure tissue, or potentially may already have had aggressive surgical 

excisions. Thus, there is an unmet need to establish noninvasive means of identifying 

patients who may be candidates for treatment deintensification as early in their 

management as possible. We set out to establish a set of correlative microRNAs with 

p16+ patients encouraged by the knowledge that microRNAs are extremely stable in 

blood and body fluids. 

2.4.4. Cohort for LCM 

In order to address the question of which microRNAs are differentially expressed (up- 

or down-regulated) in HPV+ OPSCC tumor cells relative to HPV- tumor cells, we 

assessed the p16+ and p16- cohorts for cases associated with sufficient tissue available 

for laser-capture microdissection. We identified ~50 cases that were from surgical 

excisions (as opposed to biopsies), with the primary tumors preserved in 2-5 paraffin 

blocks. The cases that were ultimately utilized for laser-capture microdissection 

represented tumors that were very clear positives or negatives for p16 immunostaining. 
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There was an element of bias introduced wherein in cases that were histologically 

extremely poorly differentiated, it was extremely difficult to confidently dissect tumor 

cells from surrounding stromal tissue.  As such, only cases where tumors which could be 

confidently differentiated from stroma were processed for further analysis. 
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Figure 2.1: Model for HPV induction of p16. Virions enter the cell via endocytosis (a) and are 
trafficked to the nucleus (b) where they persist in episomal form (c) or are integrated into the host genome 
(d). Both episomal and integrated viral DNA produce E6 and E7 (e). Interaction of E6 with p53 and the 
ubiquitin ligase E6-associated protein target p53 for proteasomal degradation (f) and prevents apoptosis. Rb 
family tumor-suppressor proteins including Rb (‘pRb’), p130 and p107 interact with E7 (g) and are 
inactivated, resulting in the release of E2F and promoting cell-cycle progression and transcription of p16. 
Together, these functions of E6 and E7 create an environment that promotes genomic instability and over 
time, leads to cellular transformation (h).  

 

Figure 2.2: Rationale for p16 accumulation in HPV+ OPSCC. Normally, p16 feedback 
inhibits the Cyclin/CDK complex that phosphorylates Rb. In the context of an HPV infection, Rb is 
effectively removed by oncoprotein E7, and because p16 is transcribed by E2F family transcription factors, 
it accumulates ‘ineffectually’. Image from: Breast Cancer Res. 2013; 15(1):R5. Published online 2013 
January 21. Licensee BioMed Central Ltd. This is an open access article distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 
©2013 Peurala et al 
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Tables 2.1 and 2.2: Randomized clinical trial schemas. Two ongoing clinical trials 
employing stratification protocols based on anatomical site and p16 staining for oropharyngeal disease. 
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Figure 2.3: Representative IHC images. P16 positive (left hand) images show tumor architecture 
characteristic of HPV+ OPSCC and >70% of tumor cells with nuclear and cytoplasmic staining. P16 
negative (right hand) images shows a typical negative staining pattern . 
 

 

Figure 2.4: 58% of OPSCC cases are HPV-associated.  Clinical history for patients 
diagnosed between 2006-2011 was reviewed, archived FFPE tissue blocks were assessed for available 
tissue, and available H&E slides reviewed after which tissue sections were cut and stained for p16 protein 
expression and scored as positive or negative (CINtec Histology kit, MTM laboratories). All tissue and 
records were handled following an IRB approved protocol. 
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Table 2.3: Classification of the patient’s tumors into p16+ and p16- cohorts. Patient 
characteristics were obtained by retrospective chart review according to IRB approved protocol. P-values 
calculated by Student’s ttest or Chi-squared comparison for continuous or categorical data respectively. 
HPV/OPSCC has a male predominance and inconsistent or weaker association with smoking use. Disease 
staging also has been associated with differences between HPV+ and HPV- OPSCC, with HPV+ disease 
more commonly associated with stage IV disease and frequent lymph node metastases at initial 
presentation  

 
p16+ 

n=63 (%) 
p16- 

n=46 (%) p= 

Gender   0.039 

Male 58 (92) 36 (78)  

Female 5(8) 10 (22)  

Age 56 61 0.007 

Stage   0.166 

I 0 1  

II 1 2  

III 8 4  

IV 42 (82) 16  

Current smoker  0.55 

Yes 44 30  

No 14 7  
 

 

 
Figure 2.5: Average age. The p16+ (left) and p16- (right) cohorts under study were associated with a 
difference in average age of ~4 to 5 years. Whiskers denote range. 
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Table 2.4: Estimated clinical laboratory costs. Prices are based on estimated testing in research 
or clinical settings by Barnes Jewish Hospital and Washington University in St Louis. Actual costs vary by 
location, vendor, contract, etc.  In this study, the p16 IHC was certainly cheaper because the $25.00 
estimate is based on using an automated stainer in a clinical pathology laboratory. Source: Lewis JS Jr., 
2012  
 
 
 Test Technical cost per slide 

p16 IHC $25.00 

HPV DNA PCR $400.00 

HPV DNA ISH $55.00 

HPV RNA ISH $157.00 

HPV rtPCR for E6/7 $155.00 
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CHAPTER 3.  ANALYSIS OF FFPE SAMPLES 

3.1    INTRODUCTION 

With the eventual goal of developing potential disease biomarkers, the aim of the 

studies presented here was to compare the relative abundance of microRNAs relative to 

HPV-status in oropharyngeal carcinoma. Although other studies have addressed this issue 

as a simple case of comparing (HPV+) with control (HPV-) based on macrodissected 

FFPE samples, the analyses presented herein sought to control for smoking status and 

age, two major factors important in the risk of developing HPV-associated oropharyngeal 

cancers (Gillison 2012). All analyses focused exclusively on tissues of the oropharynx 

where the prognostic affects of HPV are most important and where p16 

immunohistochemistry is most sensitive and specific for transcriptionally active HPV 

(Ukpo 2011; Lewis et al. 2010; Lewis 2012). Further, in order to limit the complexity of 

these experiments and focus exclusively on cancer-cell specific microRNAs modulated as 

a result of HPV-infection, all microRNAs analyzed in these studies were isolated via 

laser capture microdissection (LCM) of tumor cells. 

A number of methodologies exist for microRNA profiling, including hybridization-

based methods or microarrays, qRT-PCR, and RNA-seq. Given low input RNA from 

LCM and the effects of formalin fixation on tissue samples, qRT-PCR was chosen 

because it is well established for microRNAs; it is highly sensitive, specific, and can be 

used for absolute quantification. As such, tissues were selected for study based on p16-

staining and the patient’s smoking history as reported in data from the University of 

Missouri Hospital and Clinics’ surgical pathology tissue archives (2006-2011). 
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Quantification results achieved three tasks: 1) Tumor cells were isolated via laser capture 

microdissection, 2) RNA was isolated and quality confirmed, and 3) cDNA was made, 

amplified, and used for qPCR arrays of ~1000 individual microRNA sequences. 

Bioinformatic analyses utilized the geNorm algorithm and included weighted analyses to 

account for age and smoking status as potential covariates that may affect microRNA 

expression.  

The data presented here shows that HPV+OPSCC is characterized by distinct 

microRNA expression profiles with specific microRNA sequences significantly up- or 

down-regulated in HPV+ patients. As this model is adjusted for smoking and age, the 

proposed HPV-correlated microRNA panel also appears to be more influenced by HPV 

than by smoking or age. However, based on supervised hierarchial clustering using a 

selected panel of microRNAs, smoking does appear to have some effect on microRNAs.  

 

3.2   MATERIALS AND METHODS 

3.2.1   Laser Capture Microdissection (LCM):  

The p16+ and p16- cohorts were assessed for the amount of tissue available for laser 

capture. Of the 109 cases stained, 53 had sufficient primary tumor tissue available for 

laser capture. Laser capture microdissection was performed on the ArcturusXT 

microdissection system (Invitrogen). Briefly, using RNAase free conditions and working 

in batches that never exceeded 10 to 20 slides, FFPE tissue blocks were cut into 8 to 10 

micron sections into a pool of RNAase free water and placed onto glass slides coated 

with a polyethylene napththalate (PEN) membrane. These slides facilitate the use of both 
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infrared (IR) and ultraviolet (UV) light lasers and offer the benefit associated with IR-

based microdissection, which is considerably more delicate and gentle than UV-based 

dissection. After mounting, the slides were either immediately stained or briefly put 

aside, but never for more than one or two hours; after staining, they were placed in the 

refrigerator in a covered boxwith a small quantity of desiccant present so as to not 

interfere with their hydration status. Working in batches of 3 to 4 slides, the tissue 

sections were deparaffinized and stained using a LCM and FFPE specific staining kit 

(Arctutus Paradise PLUS according to the manufacturer’s specifications), which was 

designed with gene expression profiling in mind due to its gentle properties. Specifically 

the stain minimizes the exposure of tissues to water, where nucleases may be activated, 

thereby helping to preserve RNA integrity that may otherwise be significantly altered 

with other staining protocols.  

Immediately following staining, the slides were placed on the stage of the Arcturus 

instrument and scanned. If available, each case’s H&E and IHC slides were used as a 

comparison for tissue morphology and architecture. Tumor sections were then outlined 

with the selection and tracing tool of the Arctutus instrument. This process was 

performed with a great deal of care and discretion, so as to include only cells that could 

be confidently identified as cancer cells. Lymphocytes and other stromal cells were 

excluded. This process may have introduced some degree of selection bias since 

generally the more differentiated a group of tumor cells, the easier it the cells are to 

identify given the unique staining characteristics of the Paradise PLUS staining system. 

As such, certain poorly differentiated tumor cells were likely excluded based on user 

bias. Identified nests of tumor cells were then dissected at their peripheral margin using 
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the IR laser. This IR laser functioned to melt the PEN membrane at the margins of the 

desired region of tissue. The UV laser was used sparingly at various coordinates 

interspersed throughout the field within the circumference of the region cut by the IR 

laser. The use of the UV laser greatly improved the ability to lift the dissected tissue 

sections cleanly from the surrounding stroma; although, admittedly the laser causes 

disruption of the tissue surface. The regions dissected included vastly more areas of tissue 

untouched by the UV laser. The instrument places a plastic cap on the slide using a robot 

arm prior to activating the laser and each time a cap is placed, the lasers were recalibrated 

and focused. Macro LCM Caps (Arctutus) were used to adhere the dissected tissue 

sections after the lasers were engaged and the tissue cut. For each slide, thousands of 

cells, e.g.. 4-10,000, were collected. Caps were generally filled with as much tissue as 

possible, resulting in around 2,000 to 5,000 cells per cap. For each case, a minimum of 

four caps were filled with tissue; thus, 8000-20,000 cells cancer cells were dissected per 

case. This was considered the minimum number of cells needed for downstream small 

RNA expression analysis, and cases for which we were unable to obtain sufficient 

numbers of cells were excluded from further analysis. After filling 4-8 caps with tissue, 

the caps were immediately placed at -80 until they were utilized for RNA isolation. 

3.2.2   RNA isolation:  

Tissue sections that had been previously microdissected were either frozen for a short 

period (no more than overnight) or, more commonly, they were immediately utilized for 

total RNA purification using the miRNeasy FFPE kit (Qiagen). This kit is designed for 

isolation of total RNA, including microRNA, from FFPE sections. Due to tissue-

processing procedures, including fixation and embedding, nucleic acids in FFPE samples 
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are often heavily fragmented and cross-linked by formaldehyde. The miRNeasy FFPE kit 

is designed and optimized to reverse formaldehyde modifications of nucleic acids, 

remove paraffin, and digest and remove DNA and proteins. Since laser-captured samples 

had been previously deparaffinized, the LCM caps with adherent tissue were first 

incubated in an optimized lysis buffer containing Proteinase K to release nucleic acids 

into the buffer. Next, the samples were incubated at 56 degrees Celsius for 15min then 80 

degrees Celsius for 15min to reverse formalin crosslinking. Genomic DNA and any 

contaminating small DNA fragments were eliminated with the use of DNase treatment. 

The resulting lysate is then mixed with buffer RBC and ethanol and passed through a 

membrane column, which adheres the RNA. Finally, the RNA is eluted with RNase-free 

water to a final volume of 12 uL.  

3.2.3   RNA QC  

Samples were assessed with nanodrop, bioanalyzer, and finally for a limited number of 

samples with microRNA QC PCR array to confirm small-RNA intersample stability. For 

the PCR array, because the samples contained mostly degraded RNA species such as 

fragmented messenger and ribosomal RNA, the integrity and relative intersample 

stability of small RNA species were assessed. Therefore, 14 samples from seven 

individual patients (2 technical replicates each) were used to prepare cDNA using the 

miScript II RT kit (Qiagen). This cDNA was loaded on PCR array plates along with 

QuantiTect SYBR Green PCR Master Mix (Qiagen), miScript Universal primer (a 

reverse primer), and RNase-free water to the PCR arrays, which contain forward primers 

to a number of control small RNA species. Each array contains primer assays for C. 

elegans specific miR-39, which could either be a negative control or used as an 
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alternative means of data normalization if spiked in during sample preparation. Also 

included on the plate are primer assays for 3 tissue-nonspecific mature microRNAs (miR-

16, -21, and -191) and 3 snoRNAs (SNORD61, SNORD95, SNORD96A). As well as two 

assays to monitor reverse transcription performance and a positive PCR control to assess 

PCR performance (miRTC and PPC). Each plate was cycled on a real-time PCR cycler 

and the subsequent data were analyzed using the Qiagen’s miScript microRNA PCR 

array data analysis tool.  

 

3.2.4   miRnome Profiling 

Since the QC array reflected stable expression of small RNA species across samples, 

Qiagen’s miRnome global qPCR array, which includes assays for 1008 individual 

microRNA species were utilized for profiling. As described below, these arrays consisted 

of three 384-well plates, such that each patient’s samples were run on three separate 

plates. The 1008 sequences profiled represent all annotated microRNA sequences in the 

human microRNA genome (miRBase release 16). The RNA was collected from nine 

patient’s tumors (five p16-positive and four negative), reverse transcribed to cDNA, and 

was run without additional preamplification according to the manufacturer’s 

specifications. qPCR was performed using the Roche LightCycler480 with a 384well 

block. Each assay was begun with hot start activation and included 45 cycles of 

amplification and melt curve analysis for determining specificity of each probe (by 

calculating Tm). Absolute quantitation was used to generate threshold values (Cp) using 

the 2nd Derivative maximum algorithm unique to the LC480 system (auto baseline). Raw 
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Cp data was exported as .txt files. Dr. Wade Davis performed the statistical analysis 

using the geNorm algorithm as described below.  

Based on results from these analyses (see results/discussion), it was determined that pre-

amplification of the cDNA prior to microRNA profiling may improve results. This 

decision was made to improve the threshold of detection especially since the initial total 

RNA quantities were low.  

Twenty-four pre-amplified samples including fifteen p16+ and nine p16- samples were 

loaded on the miRnome plates in amounts of 15ng cDNA/sample. Subsequent analysis 

was performed as described above using Ct values ≤30 as a cutoff.  

 

3.2.5   PCR Preamplification 

cDNA synthesized with the miScript II RT kit was used for preamplification using the 

miScript PreAMP PCR kit and miScript PreAMP Primer mix (Qiagen). Sample cDNA 

was prepared with 15ng of FFPE RNA using a modified miScript II RT reaction setup of 

10ul using HiSpec buffer, dNTPs, and the miScript reverse transcriptase enzyme mix.  

First strand cDNA is generated using a polyadenylation step, which also incorporates a 

site for a universal primer sequence during amplification. 4.5ng of cDNA was used in 

each PCR plate and cycled for 12 rounds. Following PCR, the amplifications were 

carefully pooled and diluted to a total volume of 1687.5ul . Amplified cDNA was added 

to the miSCript SYBR mix, water, and MiScript universal primer and dispensed to the 

384well miRNome plates. The entire process was automated using the Beckman 3000 

robotic liquid handler, which processed the reaction setup and accurately filled each plate 

with 10ul qPCR reactions in less than 3 minutes per 384well plate. A test miRNome array 
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was first utilized to determine if the dilution for real-time PCR was resulting in high 

percentage call rates.  

3.2.6   Bioinformatics/geNorm 

Raw data from the RT-PCR arrays were subjected to extensive quality control analyses 

based on specialized internal controls on the arrays. First, positive PCR controls (PPC), 

which test the efficiency of the polymerase chain reaction itself using a predispensed 

artificial DNA sequence and the primer set that detects it, were checked to make sure 

they were within the limits specified by Qiagen (CtPPC within 20 ± 2). Second, reverse 

transcription controls (RTC) were evaluated to detect any impurities that inhibited the RT 

phase of the procedure using the criterion that CtPPC – CtRTC <5 indicates no inhibition, 

as recommended by Qiagen. Mean, standard deviation and coefficient of variation were 

also calculated and compared to values published on FFPE cancer samples for these 

arrays (Philippidouet al. 2010). Any sample that failed to fall within the acceptable range 

of metrics as defined by Qiagen, were excluded from the analysis; however, only one of 

the 24 samples failed this step. Next, microRNAs with Ct values of >30 (or 0) for 

preamplified samples were considered and were found to be not reliably detected (per 

Qiagen recommendation for FFPE) and excluded from analysis by replacing Ct with 

‘NA’ to indicate missing data. 

Determining reference (aka housekeeping) genes for normalization was carried out on a 

plate-by-plate basis according to the geNorm algorithm utilizing the R/Bioconductor 

package SLqPCR (Vandesompele et al. 2002); Gentleman et al. 2004; Kohl 2007). For 

this, geNorm was used to determine the optimal reference genes out of the full set of 

candidate microRNAs on each plate by measuring the average of a microRNA compared 
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to all other candidates and selecting those with the least variance across samples. 

Specifically, the algorithm computes the so-called M-value of all candidate microRNAs, 

which is the arithmetic mean of all pair-wise standard deviations of the Ct ratios formed 

between the given microRNA and each of the other microRNAs. MicroRNAs with the 

highest M-values were eliminated, and this process was repeated until a sufficiently 

stable set of reference microRNAs remained. From this set of reference microRNAs, a 

composite reference microRNA was computed based on their geometric mean and used 

as the pseudo reference gene in the usual delta-delta CT method to compute normalized 

expression values.  

To test which microRNAs were differentially expressed based on HPV status, a linear 

modeling framework designed for high-throughput biological experiments was used. 

Specifically, using the R/Bionconductor limma package, moderated t-statistics were 

applied to each microRNA using an Empirical Bayes approach, in which the standard 

errors are shrunk towards a common value (Smyth 2005; Smyth 2004).  The comparison 

of interest was HPV+ vs. HPV-, expressed in terms of fold change (HPV+/HPV-). The 

comparison was made by adjusting for smoking, smoking and HPV interaction, and age 

to account for potential confounding effects and expressed as the equation: miRexp = 

smoking + HPVstatus + smoking*HPVstatus (interaction) +age 

The results of the HPV+/HPV- comparison were first sorted according to adjusted p-

value, which is the Benjamini-Hochberg false discovery rate (fdr) adjustment that 

accounts for the large number of tests performed. For this, an fdr=0.2 was chosen since 

validation studies were planned, although .3 or .4 would have been considered acceptable 
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given the planned validation efforts. Moderated T tests were performed to produce p-

values for each microRNA comparing HPV+ to HPV-. 

 
3.3   RESULTS 

3.3.1   RNA QC  
 

RNA extracted from microdissected tissue was first tested for quality/quantity based 

on absorbance. The most common reason for RNA samples to fail quality control 

measures is due to degradation secondary to the presence of nascent RNase enzymes. 

Ultraviolent spectrophotometry can assess for the presence of these enzymes based on the 

absorbance peak for amino acid side chains, which is in the 280 nm wavelength range 

while nucleic acids generally have a peak absorbance of ~20 nm lower.  In order to 

account for spectral cross-contamination the ratio of 260 nm to 280 nm is taken as a 

qualitative measure of protein contamination. A 260 nm absorbance value is 2 x that of 

the 280 nm absorbance indicating that there is no detectable protein contamination of the 

RNA sample (~1.8 for DNA). Nucleic acid purity is approximated by the ratio of 260 to 

230 absorbance, where EDTA, carbohydrates, phenolic solutions, etc. have values ~230 

nm, and ratios for pure nucleic acids would thus be higher than the respective 260/280, 

e.g., optimal 260/230 range= 2.0-2.2. For FFPE LCM samples, it is rare to achieve 

optimal ratios, so those samples not falling within approximate limits were discarded, 

although the majority of extractions yielded A260/280 ratios of 1.7 to 2.0 suggesting pure 

RNA with minimal amino acid contamination (Table 3.1). 

Quality of samples were further assessed via Agilent Bioanlyzer. Virtually all 

samples were associated with RNA-integrity numbers suggesting the presence of 

extensively degraded RNA (Table 3.2). The size of RNA fragments from typical FFPE 
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samples ranges from 50 to 300 nucleotides, with most fragments being around 100 

nucleotides in size (Von Ahlgenet al. 2007). The fact that the nanodrop readings appeared 

to indicate useable RNA, suggested that the extraction protocols produced pure RNA 

with minimal protein or other chemical contamination. However, the Agilent 2100 

Bioanalyzer produces measures of RNA integrity termed RIN (RNA integrity Number), 

which ranges from 1 to 10, where 1 represents highly fragmented RNA and 10 perfectly 

intact RNA. The majority of the samples registered ~3. These observations are consistent 

with RNA fragmentation in FFPE samples, yet provided no information about the 

integrity of RNAs <100nt. It should be noted that microRNA represents <0.01% of a 

cell’s RNA, and since the extraction protocol was based on column extraction without 

small RNA enrichment, there was a need to see around the large amounts of degraded 

rRNA and mRNA. Because the samples showed poor RNA-integrity number (RIN), yet 

the isolation chemistry did not exclude ribosomal or mRNA, we hypothesized that the 

RIN signal was a function of the significant amount of degraded larger RNA, and that the 

small RNA fraction would be largely intact.  

To test this hypothesis, a number of positive control PCR reactions were performed in 

order to assess for the presence of three microRNAs (miR-16, -21, -191) and three 

SNORDS (SNORD-61, 95, 96A). If the degradation associated with rRNA and mRNA 

were significantly affecting the small RNA fraction, we would expect to see significant 

sample-to-sample variation in the expression status of these targets, known to be 

relatively stable in their expression regardless of cell type. The QC array, however, 

refuted that notion, and instead showed remarkably stable expression across 13 samples, 
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including seven biological replicates, six of which were from separate LCM and RNA 

isolation procedures, i.e., two technical replicates for six patients (Figure 3.1).  

The QC PCR array results show that oligo-dT primed cDNA, reverse transcribed 

from total RNA, could be readily amplified from RNA associated with RIN’s ~3. This is 

likely due to the small size of microRNA. Importantly, there was also stable expression 

of a number of positive control small RNAs when assessing inter- and intra-patient 

sample RNA extractions. Also included in these assays were a PPC and miRTC for each 

sample, thus provided data regarding the performance of extracted RNA in RT-PCR. 

Based on this experience, assessment of the quality of RNA from FFPE samples should 

include a set of RT-PCR assays as positive controls. 

 
3.3.2   Non-preamplified Results:  

The cases for which sufficient RNA (quantity and quality) were collected and later 

used for all PCR profiling experiments were selected based on both HPV status, as well 

as smoking status. The intention of this was to control for smoking status, although due to 

very low numbers of cases from individuals who were HPV- non-smokers and a large 

number of cases that were excluded based on RNA QC, 24 cases were used for FFPE 

qPCR profiling (Table 3.3)(Figure 3.2). Initially, nine patient samples, five p16+ and 

four p16 samples were analyzed without a preamplification step. 

Call rates for the nonpreamplifed samples showed that ~60% of the microRNAs 

across the three plates were not detected. One sample was excluded based on poor PPC 

performance. Despite that, the data was analyzed via the geNorm algorithm, and relative 

expression for each miR was calculated based on a composite set of housekeeping miRs 

from each of the three plates. To further explore the data, heat maps and clustergrams 
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were generated for plate 1 of the PCR array (384 well plates with primer sets for 372 

individual microRNA sequences).  

The normalized log2 expression of the samples (columns) and the miRs (rows) from 

plate 1 of miR array are depicted in heat maps and corresponding dendrograms (Figure 

3.4 and 3.5).  

For the heat maps, the relative expression of each microRNA on the plates are 

depicted on a scale of 0 to 4 for relatively highly expressed microRNAs and 0 to -8 for 

microRNAs with lower expression. Next, the patient samples and the microRNA were 

sorted computationally using two different algorithms, Euclidean distance and Pearson’s 

correlation, in order to create hierarchical clusters of patients and microRNAs that are 

most similar according to their expression status. In this process, microRNAs with similar 

expression data or patients with similar microRNA profiles were joined together, and 

then the algorithm identified the next most similar groups or pairs, joined them together 

and repeated until one single root of the dendrogram tree is created. In order to identify 

groups of patients or microRNAs that show similar patterns of expression, the term 

‘similar’ should first be discussed in the context of gene expression.  

For the Euclidian-based analysis, large expression data sets can be approached 

mathematically by defining a point for each gene or in this case, a particular microRNA, 

as its expression value that essentially represents a location in ‘expression space’ 

(Quackenbush, 2000; Jordan et al., 2005;Gene 2005; Kim et al. 2006). Each point for a 

gene or microRNA can be compared to any other expression value in the study. When a 

vector connects two points, the ‘distance’ between those two points represents a measure 

of how similar those two genes are in their relative expression. The number of 
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dimensions, e.g., x/y/z, is equal to the number of experiments or the number of genes 

assessed. For example, plate 1 performed qRT-PCR for miR-1, and eight samples were 

analyzed yielding expression data for miR-1 in eight samples. Each of the eight log2 

transformed expression values for miR-1 defined its location in ‘expression space’. The 

expression of miR-1 is then compared to all other miRs in the set, and measures of 

similarity are based on ‘the distance’ between miR-1 and the other miRs on the plate ‘in 

expression space’. Those miRs with relatively little distance between then are then 

clustered together on the hierarchical clustering dendrograms. The patient samples were 

clustered relative to each other by giving an arbitrary point in ‘expression space’ to each 

sample, then measuring the ‘distance’ from this value to every microRNA on plate 1. 

Thus, each patient is clustered according to expression values of all of the individual 

microRNAs on the right side of the heat map.  

Because there are a number of ways to measure similarity between gene expression 

profiles, and each measurement algorithm is associated with particular advantages and 

disadvantages, a second method of distance measure was included wherein correlation 

coefficients can also be used as a measure of distance, or similarity (Xing, et al. 2007; 

Liao 2006; Makova 2003). In this case, two patients with a correlation of +1 would have 

highly correlated microRNA levels, whereas two patients with a high negative correlation 

of -1 would have opposite microRNA levels. Thus, negative correlations between 

microRNA expression profiles would help in assessing microRNAs that may be high in 

HPV+ but low in HPV- patients. A particular microRNA that is high in HPV+ but low in 

HPV- would be highly negatively correlated in clusterings produced by correlation 

coefficients, because these genes are close. However, with Euclidean distance, if the 



 125 

profiles are different for these two microRNAs or composite sets, then they would appear 

far away on the dendrogram.  

By nature, clustering is not a hypothesis driven analysis, it is an exploratory tool to 

see which genes (microRNAs) and samples are running together. In these two depictions, 

there was no obvious or apparent affect of HPV+ status on clustering of patients (top 

margin and corresponding legend at bottom). In the Euclidean distance clustering of 

patients, there were four clusters, with two non-smoker patients clustering independently 

from the smokers. Two of the youngest smokers clustered together, irrespective of p16 

status, whereas the clustering algorithm utilizing Pearson’s correlation as a measure of 

similarity depicted two prominent clusters of patients and three out of four of the HPV+ 

patients clustering on the right hand side of the dendrogram.   

Many microRNAs in the PCR array were not associated with positive amplification, 

suggesting the presence of inhibitors of reverse transcription, PCR inhibitors, or 

insufficient input RNA. However, the controls provided on each plate indicated that there 

were no RT inhibitors present and the positive PCR controls were robust in their 

performance. A clear limitation of hierarchical clustering data was shown here, indicating 

that noise and errors can adversely influence clustering. Moreover, hierarchical clustering 

provides no measure of confidence in results. With these data, the no-call rates created 

excessive noise in the data, and there was an inability to confidently assess relative 

expression in this dataset secondary to the high proportion of no-call rates. Therefore, it 

was not possible to rule in or out particular microRNAs or small groups of microRNAs to 

be correlated to HPV status.  
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In order to reduce the percentage of absent calls, give better resolution for moderate 

and low expressed microRNA targets, and increase confidence intervals for assessing 

fold changes, a preamplification step prior to microRNA profiling is required. Overall, 

because of the issues associated with low call rates, datasets from the eight samples that 

were not preamplified prior to profiling were treated as preliminary data that neither 

supported or refuted the hypothesis.  

 

3.3.3   Amplified results  

In order to improve signal detection for microRNA expression profiling from low 

input FFPE/LCM RNA samples, a preamplification kit was utilized. The Qiagen miScript 

PreAMP PCR kit allowed for profiling of low concentration samples with highly 

multiplex amplifications specifically for the probes contained on the human miRNome 

array. The results from preamplification were demonstrated by improved signal detection 

on the PCR arrays (Figure 3.6).  

The miRNnome plates were first assessed based on internal controls in order to 

monitor the efficiency of PCR and also the reverse transcription (data not shown). All 

samples had successful PCR reactions based on positive PCR controls (PPC) provided on 

each plate to test the efficiency of the PCR itself using predispensed artificial DNA 

sequences and primer sets that detected the artificial template. All samples had efficient 

reverse transcription reactions based on RTC wells provided on each plate to test the 

efficiency of the first strand synthesis reaction with a primer set to detect a template 

synthesized from the built-in external RNA control.  
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Each plate also contained RNAs that can be used for normalization: SNORD61, 

SNORD68, SNORD72, SNORD95, SNORD96A, and RNU6-2. Based on Qiagen’s 

instructions, these targets can be used as reference genes using the delta-delta-Ct method 

of relative quantification. The QC profiling showed that a number of these SNORDs were 

stably expressed between samples. However, there is a growing movement in the small-

RNA field to only utilize microRNAs as reference genes, mostly because there are 

different extraction efficiencies associated with microRNAs compared to SNORDs. 

Some also argue that the predominant cytoplasmic vs nuclear localization of microRNAs 

compared to SNORDs also is a potential problem when relying on SNORDs as reference 

genes. Moreover, the literature shows that the expression of reference genes can vary 

considerably, thus with the high sensitivity and large dynamic range of PCR, it has 

become increasingly important to identify proper internal control genes (Peltier & 

Latham 2008; Appaiah 2011; Langkilde et al. 2013). Some argue that universal control 

genes simply do not exist and that normalization, although a computationally intensive 

process, should be tailored according to each study (Mestdagh  2009).  

The geNorm method has been experimentally verified using both mRNA reference 

genes and microRNAs, to show that high M values are characteristic of an unstable or 

differentially expressed gene (Schaefer 2010 and Jung 2007). Further, these same studies 

have showed that normalization using a single control gene invariably created higher 

gene-specific variation when assessing genes of interestthereby suggesting the need to 

implement normalization strategies based on multiple reference genes. Indeed, in the 

final analyses of the preamplified samples, none of the SNORDs ended up making the 
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cutoffs for stability: All three of the reference genes from each of the three plates were 

microRNAs as determined by geNorm (Table 3.4). 

Data from all plates were joined together to form an expression matrix (511 

mircoRNAs, 23 samples), which were log2 transformed, then moderated t-statistics were 

applied to each microRNA using an empirical Bayes approach in order to assess 

differential expression (see methods). Based on these analyses, three individual 

microRNA sequences were shown to be significantly upregulated in HPV+ patients: 

miR-320a, miR-222-3p, and miR-93-5p. The most statistically significant downregulated 

microRNAs included six sequences, representing four unique mature microRNAs:  miR-

199a-3p//-199b-3p, miR-143, 145, and mir-126a (Figure 3.7 & Table 3.5). The top 10 

microRNAs that were most impacted by age or smoking status did not show fold changes 

of the magnitude found associated with HPV status (Table 3.6 and 3.7).  

Unsupervised hierarchical clustering was performed across all 511 microRNAs and 

23 patients with 1 - Spearman’s correlation as the distance measure. The results are 

presented as a heat map with dendrograms indicating the clustering of patient samples 

(columns) and microRNAs (rows) (Figure 3.8). The clustering of patients does not show 

an obvious global pattern specifically associated with HPV, although of the two clusters, 

one is compromised with 80% (8/10) HPV+ patients. However, it is clear expression data 

from 511 microRNA sequences were not discriminatory for HPV status.  

An observation made from the unsupervised clustering of microRNAs was that many 

of the downregulated (miR-199a-3p//-199b-3p, miR-143, 145) and upregulated 

microRNAs (miR-93 with others from the literature) clustered together, parsimoniously 

suggesting similar expression, co-expression, or possibly similar cellular functions of 
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these microRNAs according to the covariates within the samples. Thus, these 

microRNAs that clustered together, the HPV-correlated panel, and microRNAs 

implicated from the literature as HPV-associated were utilized for additional supervised 

clustering. Hence, 43 microRNAs formed a composite list and clustering was performed 

for the 23 patient samples. The resulting figure shows HPV+ non-smoking patients 

appearing distinct from both the HPV- and the HPV+ smokers while the majority (17/23) 

of samples fell into two categories: mostly smokers regardless of HPV status or all HPV+ 

non-smokers (Figure 3.9). Therefore, the selection of 43 microRNAs to cluster patients 

must have had a number of discriminatory microRNAs that accounted for HPV status.  
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Table 3.1: Representative RNA Quality control: Spectrophotometry values for laser 
capture microdissected RNA. The values in the table are representative of measures take to ensure 
pure RNA samples were used for downstream analyses. Samples marked by * indicate that these samples 
were used, while absence of an asterisk means that these samples were discarded. Not all samples 
utilized/discarded are indicated here. 
 
 

Conc. 
ng/ul 

260/280 260/230 Graph Quality 

20.5 1.94  1.16 Not done 
12.7 1.83 0.8 Not done 
12.6 1.78 1.48 Nice* 
12.8 1.55 0.92 OK 
4.2 2.73 6.16 Poor 
6.7 2.17 4.69 Poor 
3.7 1.67 0.95 Fair 
7.3 2.01 1.34 OK* 
37.4 2.01 2.2 Perfect* 
19.6 2.06 2.31 Nice* 
17.7 2.02 2.33 Nice* 
87.2 1.99 2.15 Perfect* 
29.4 1.88 1.56 Nice* 
15.9 1.99 1.91 Perfect* 
25.8 2.03 2.08 Perfect* 
27.3 1.9 1.55 Nice* 
10.1 2.14 2.32 Nice* 
8.2 2.29 4.4 Poor 
15.3 2.02 2.79 Nice* 
14.6 2.06 2.13 Perfect* 
20.3 2.05 3 Nice 
12.5 1.99 2.6 Nice* 
8.7 2.06 3.64 OK 
35.2 1.92 1.53 Nice* 
14.4 1.79 1.52 Ok 
19.6 2.05 2.72 Nice* 
9.8 1.99 2.32 Nice* 
15.6 1.77 1.18 OK 
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Table 3.2: RNA integrity numbers Laser Capture Microdissected RNA. Purified RNA 
was submitted to assays for assessing concentration and integrity utilizing The Bioanalyzer 2100. All 
samples displayed fragment profiles consistent with Laser Capture Microdissection (LCM) and/or FFPE 
sample types, with RIN values of ~1-3 (i.e. highly degraded) typical of the profile listed below. 

Specimen ID ng/ul RIN 
10298a 3.3 <3 
4449c 15.5 <3 
5306-1 7.4 <3 
9862-1 7.0 <3 
12037#1 7.5 <3 
12227#2 14.5 <3 
16491-2 4.6 <3 
17092  23.0 <3 
3209a 7.7 <3 
2974a 14.3 <3 
10342a 14.0 <3 
10132a 7.3 <3 
6750c 10.2 <3 
12675c 23.7 <3 
6787c 9.1 <3 
13881c 4.4 <3 
952-1 10.8 <3 

 
 
 

 
 
Figure 3.1: Validation of small RNA stability in FFPE specimens. Micro- and small 
nucleolar RNAs were used as positive controls to assess the quality of RNA extracted from FFPE tissue 
blocks that ranged in age from 2006-2011. Because these universally expressed ncRNAs are stable across 
samples, we concluded that microRNA is relatively stable and protected in paraffin. This fact allowed the 
detection of biologically relevant differences in microRNA between samples as shown in the studies that 
follow. 
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Table 3.3: Punnett square of patients profiled with PCR arrays. 56 cases had sufficient 
tissue available for laser capture microdissection. LCM was successful and RNA was of sufficient 
quantity/quality for 24 cases, which were included in the qPCR array. Efforts were made to balance the 
relative proportions of HPV+ and HPV- cohorts according to smoking status.  

 Smokers Non-Smokers  
HPV+ 7 8 n=15 

HPV- 5 4 n=9 

 n=12 n=12 n=24 

 

 
 
 
 
 
   

 
Figure 3.2: Plates for qPCR FFPE profiling. Reverse transcribed cDNA from each patient was 
divided between three separate plates containing ~1000 individual targets. The geNorm algorithm was 
performed for each plate, as implemented in the R/Bioconductor package ‘SLqPCR’. Briefly, the geNorm 
algorithm determines the optimal set of reference (aka housekeeping) miRs out of the full set of candidate 
miRs on the plate. First, geNorm computes the “M-value” of all candidate miRs, then eliminates the miR 
with highest M-value, and repeats the process until there is a sufficiently stable set of reference miRs 
remaining. For a given miR, the M-value is the arithmetic mean of all pairwise standard deviations of the 
Ct ratios between the given miR and all other miRs, and conceptually measures the mean variation of a 
miR compared to all other candidate miRs. The positive PCR control (PPC) wells contain a predispensed 
artificial DNA sequence and the assay that detects it. This control monitors for any variables that may 
inhibit the PCR reaction. The miRTC miScript Primer Assay is an assay that assesses the performance of a 
reverse-transcription reaction using the miScript II RT Kit by detecting template synthesized from the kit’s 
built-in miRNA reverse transcription control RNA (miRTC). This control monitors for any variables that 
may inhibit the reverse transcription reaction. 
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Figure 3.4: Distance clustering analysis according to clinicopathological parameters 
of eight patients. The normalized log2 expression of the samples (columns) and the miRs (rows) from 
plate 1 of miR array. The legend on the right denotes the colors corresponding to the relative expression 
level (blue= lesser levels, red=greater levels). Hierarchical clustering of both the samples and the miRs was 
carried out using Euclidean distance and the average linkage methods, and the resulting dendrograms are 
shown in the margins. Items that are most similar cluster lower in the dendrogram (tree). There appears to 
be four distinct clusters of patients (top margin), and 2 distinct clusters of miRs (left margin). The two 
youngest smokers clustered together, irrespective of p16 status. 
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Figure 3.5: Pearson’s Correlation clustering. This figure represents the normalized log2 
expression of the samples (columns) and the miRs (rows) from plate 1 of miR array. Hierarchical clustering 
of both the samples and the miRs depicts two prominent clusters of patients with 3/4 of the HPV+ patients 
clustering on the right hand side of the dendrogram and three prominent clusters of miRNAs. 
 
 
 
 
 
 



 135 

 
Figure 3.6: Signal detection for PCR plates.  Four bars represent the relative proportions of 
cycle threshold values for miRNAs detected on the three 384-well PCR plates. ~45% were not expressed 
(Ct 30-34) and only ~15% were detected at Ct values <30 (Top). Proportions of miRNAs falling in 
detectable ranges were greatly improved by preamplification (Bottom). 
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Table 3.4: GeNorm calculated housekeeper genes. Plates 1 (top) , 2 (middle), and 3 (bottom). 
hsa-miR-27a-3p hsa-miR-23a-3p hsa-miR-24-3p 

0.31 0.32 0.33 
Average M= 0.32  

 
hsa-miR-1227-3p hsa-miR-631 miR-3180-3p  

0.20 0.23 0.25 
Average M=0.22 

 
miR-1914-5p     miR-4296  miR-877-3p  

0.30 0.31 0.31 
Average M= 0.26 

 
 
 
Figure 3.7: Most significant microRNAs HPV+ to HPV-. Three individual miRNA 
sequences are shown to be significantly upregulated in HPV+ patients and five sequences downregulated in 
HPV+ patients (p<0.01). This model adjusted for smoking and age where miRexp = smoking + HPVstatus 
+ smoking*HPVstatus (interaction) +age 
 

 
Table 3.5: Most significant microRNAs HPV+ to HPV-.  
 Fold Change logFC  p_value 
hsa-miR-320a 2.83 1.50  2.02E-03 
hsa-miR-143-3p 0.21 -2.28  2.50E-03 
hsa-miR-222-3p 2.31 1.21  4.58E-03 
hsa-miR-93-5p 2.36 1.24  5.41E-03 
hsa-miR-199a-3p // hsa-miR-
199b-3p 0.14 -2.87  5.32E-03 
hsa-miR-126-5p 0.23 -2.14  5.48E-03 
hsa-miR-145-5p 0.20 -2.30  5.91E-03 
hsa-miR-126-3p 0.26 -1.94  6.94E-03 
hsa-miR-199b-5p 0.14 -2.85  8.80E-03 
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Table 3.6: Control for age. 10 microRNAs most impacted by age, where a positive log fold change 
represents relatively increased expression in patients 10 years older. In general, these miRs do not show 
fold changes of the magnitude found to be associated with HPV status 
 Fold change logFC  P.Value 
hsa-miR-99a-5p 0.74 -0.04  3.26E-02 
hsa-miR-301b 1.40 0.05  3.53E-02 
hsa-miR-182-5p 1.47 0.06  4.42E-02 
hsa-miR-455-3p 1.41 0.05  4.49E-02 
hsa-let-7c 0.82 -0.03  4.53E-02 
hsa-miR-32-5p 1.26 0.03  5.95E-02 
hsa-miR-18a-5p 1.33 0.04  6.02E-02 
hsa-miR-100-5p 0.77 -0.04  6.75E-02 
hsa-miR-130b-3p 1.24 0.03  7.91E-02 
hsa-miR-331-3p 1.20 0.03  9.10E-02 
 
 
 
Table 3.7: Control for smoking. 10 microRNAs most impacted by smoking status, where a positive 
log fold change represents relatively increased expression in patients who had heavy tobacco exposure in 
the form of cigarette smoking. miR-93 is the only microRNA from the the age or smoking controls that also 
appears on the HPV list.  
 Fold change logFC  P.Value 
hsa-miR-1228-5p 1.85 0.89  1.28E-02 
hsa-miR-1207-5p 1.98 0.98  1.47E-02 
hsa-miR-1224-5p 2.06 1.04  1.70E-02 
hsa-miR-92b-5p 1.93 0.95  2.28E-02 
hsa-miR-339-5p 2.64 1.40  2.77E-02 
hsa-miR-1471 1.70 0.76  4.24E-02 
hsa-miR-1286 0.23 -2.13  3.38E-02 
hsa-miR-4267 0.34 -1.55  5.40E-02 
hsa-miR-324-5p 2.09 1.06  5.49E-02 
hsa-miR-93-5p 1.89 0.92  5.67E-02 
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Figure 3.8: miR-nome heat map/dendrogram FFPE amplified. Unsupervised hierarchical 
clustering was performed on normalized samples from 23 patients, including 15 p16+ and eight p16- 
tumors. The heat map includes relative expression data (blue=less, red=more, white= unreliable Ct>30 or 
0) for 511 miRNAs. The dendogram at the top and the corresponding shaded panels at the bottom show 
patients clustered intro two groups; green (8/10 HPV+) and salmon (6/13 HPV-) suggesting that these data 
do not reflect an obvious global pattern of microRNA expression specifically associated with HPV.  
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Figure 3.9: Supervised hierarchical clustering FFPE amplified. Based on expression data 
on microRNAs from (1) the HPV-correlated profile, (2) the literature, and (3) panels that were observed to 
cluster together in the unsupervised clustering, data from 43 selected microRNAs were used to cluster 
patients. The top is broken into sixdistinct groups with the majority of the samples falling into three groups: 
green (mostly smokers regardless of HPV status), salmon and blue (all HPV+ non-smokers), and pink 
(mixed).   
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CHAPTER 4. THE CANCER GENOME ATLAS: PROFILING AND 

VALIDATION 

4.1   INTRODUCTION 

The Cancer Genome Atlas (TCGA) is a collaborative effort by the NIH to provide a 

repository for clinical and molecular-genomic data according to 20 different cancer types, 

the aim of which is to accelerate the pace of research for improving our understanding of 

the mechanistic basis of cancer, cancer treatment, diagnosis, and prevention efforts. 

Cancers are selected for study based on their public health impact and the availability of 

high-quality tissue samples. Importantly, the network, infrastructure, and technology 

associated with this effort has been pooled and coordinated in such a way to create 

publically accessible data wherein histological subtypes of various cancers can be 

compared and analyzed in association with any number of high-throughput, so called, ‘-

omics’ data, including but not limited to whole exome sequencing, methylation assays, 

single nucleotide-polymorphism arrays, somatic mutations, mRNAseq, and miRNAseq. 

To comprehensively assess changes in the microRNA expression profile associated 

with HPV+ OPSCC, publically available clinical and miRNAseq data from HNSCC 

patients within TCGA were utilized. The initial analysis reviewed available 

clinicopathologial historical data for HNSCC cases available as of October 2013 (n=458). 

Despite limited information regarding HPV testing, a cohort of 11 definitively HPV+ 

patients were identified, and, their normalized microRNAseq profiles were compared to 

11 HPV- patients, henceforth designated as TCGA Cohort 1. These analyses resulted in 

data that strongly supports the hypothesis that HPV+ oropharyngeal carcinomas display 
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distinct microRNA profiles and that groups of microRNAs can be utilized to correlate 

with HPV infection. 

To complement the initial studies, a second cohort of HPV+ HNSCC patients was 

identified based on a recent publication analyzing gene expression (mRNA) data from 

TCGA database across 3,775 malignancies for the presence of viral mRNAs (Khoury et 

al. 2013). In this study, the authors demonstrated the large majority of tumors 

characterized within TCGA do not contain viral gene products, with the exception of 

proportions of hepatocellular carcinomas, nasopharyngeal carcinomas, certain HNSCCs, 

a tiny fraction of NSCLC, and cervical carcinomas. Serendipitously for validation efforts 

concerning the role of microRNAs in HPV-associated HNSCC, the authors reported on 

20 HNSCC patients for whom HPV status had been previously unavailable, therefore 

were not identified in TCGA cohort 1 analyses, yet their tumors expressed various viral 

mRNA transcripts (18 cases expressed transcripts from HPV16 and 2 from HPV33). 

Based on the mRNAseq data analyzed by Khoury and colleagues, these 20 cases were 

thus treated as HPV+ and were compared to an additional set of 29 HPV- cases 

(identified based on available p16 and/or HPV ISH data) and are herein designated 

TCGA Cohort 2, (n=49, 20+/29-)  

The miRNAseq data analyzed from these two patient cohorts served to validate the 7 

microRNA FFPE profile, as well as independent unsupervised datasets in their own right. 

Moreover, the addition of next generation sequencing data from fresh frozen tumors 

provides another dimension to understanding relative expression of groups of 

microRNAs. One of the important observations presented here, is that there is an 

incredible range of relative expression in microRNA data that is often overlooked or 
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masked by quantitative PCR or microarray methodologies that becomes apparent with 

normalized miRNAseq data.  

4.2   MATERIALS AND METHODS 

4.2.1   TCGA data procurement 

Briefly, TCGA data is based on standardized collection and analytical processes that are 

designed to normalize genomic, transcritpomic, and proteomic data across samples so as 

to be immediately comparable by researchers who access the processed data. The tissue 

procurement and analysis pipeline includes: 

1. Collection of samples: Biospecimen Core Resource (BCR) centers collect tumors and 

normal matched control samples. BCR centers review sample data and processes all 

samples to ensure consistent pathology assessment and generation of molecular analytes 

(DNA and RNA) using standard, optimized protocols. 

•The focus is on primary untreated tumors that were snap frozen upon collection 

•All samples in TCGA have been collected and utilized following strict human 

subject protection guidelines, informed consent, and IRB review of protocols 

2. Pathologist review and quality control: Each sample is reviewed by a pathologist to 

ensure the diagnosis is accurate and that the sample meets inclusion criteria. Specifically, 

TCGA requires that samples be comprised on at least 80% tumor nuclei and have less 

than 20-30% necrotic tissue. 
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3. Nucleic acid isolation and genotyping: Once the sample passes the pathology review, 

nucleic acids are isolated and genotyping is performed to ensure each tumor sample is 

properly associated with the correct normal tissue. An important goal in establishing this 

central resource is to ensure that molecular analytes (i.e. DNA and RNA) extracted from 

tissue samples are of consistent and high quality. These analytes, in turn, undergo a 

molecular quality control process. 

4. Analysis of genomic changes involved in cancer: Genome characterization (GCCs) or 

sequencing (GSCs) centers perform high-throughput hybrdization and/or sequencing 

methodologies according to their specific area of infrastructure support, e.g. certain 

centers handle only whole-exome sequencing while others specifically perform 

mRNAseq or miRNAseq analysis.  

5. Data integration, alignment, and normalization: sequencing data are integrated across 

thousands of samples and assessed via robust and standardized informatics tools by 

Genome Data Analysis Centers (GDACs). 

6. Central data management by data Coordinating Center (DCC): At this point, data is 

entered into the TCGA data portal and Cancer Genomics Hub, where researchers can 

download clinical data and/or normalized data files associated with the various –omics 

methodologies. Lower level, i.e. raw sequence data files, alignments, and pre-normalized 

data, are deposited into a secure, restricted access repository via the Cancer Genomics 

Hub (CGHub). 
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4.2.2   Accessing and analyzing HNSCC clinical & miRNAseq data  

Clinical data was first downloaded for HNSCC patients as .xls files from the TCGA data 

portal in 15 batches, including 458 cases. Within the clinical data for each batch, HPV 

ISH or HPV p16 testing were assessed, and patients with definitive status (positive or 

negative) were tallied. This resulted in 66 cases that had definitive p16 or ISH data out of 

the 458 cases of HNSCC with available molecular/genetic data on TCGA (TABLE 4.1). 

Of these 66 cases, 11 primary OPSCC cases (tonsil or BOT) were positive for either p16 

IHC or HPV ISH and the remainder definitely HPV- according to p16 and/or HPVish  

The 11 HPV+ cases were paired with 11 HPV- cases and are designated as TCGA Cohort 

1. For these 22 cases, normalized miRNAseq data were downloaded from TCGA data 

portal. These individual normalized .xls files were then imported onto a single 

spreadsheet, where each column represented a patient’s normalized expression value for a 

particular microRNA. The 11 HPV+ patients were then compared to the 11 HPV- 

patients by using student’s T-test and the results sorted according to the level of 

significance. This generated a list of 147 microRNAs that were then filtered using a 

criteria requiring either cohort to have >10 reads per million, thus resulting in a list of 83 

microRNAs. Fold-change and log2FC were then calculated for each of these microRNAs 

by simply dividing normalized reads per million HPV+/HPV-. For miRNAseq, the 

relative abundance of a particular microRNA is represented by the absolute number of 

sequence reads.  
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4.3   RESULTS 

4.3.1   TCGA Cohort 1 

Initial review of clinical histories resulted in 66 cases with definitive p16 or ISH data 

out of the 458 cases of HNSCC (as of October 2013) with available molecular/genetic 

data on TCGA. Of these 66 cases, 11 primary OPSCC cases (tonsil or BOT) were 

positive for either p16 IHC or HPV ISH (Table 4.2). These 11 cases were paired with 11 

HPV- cases (Table 4.3) and are designated as TCGA Cohort 1. For these 22 cases, 

normalized miRNAseq data were downloaded from TCGA and analyzed by student’s T-

test comparing the HPV+ to HPV- cohorts across normalized read counts for each 

microRNA. 147 miRNAs were found to be statistically significant in these analyses 

(Figure 4.1A). 

Next, the results from TCGA Cohort 1 were compared to the panel of microRNAs 

identified from our PCR profiling of FFPE tissue. As shown, the fold changes of these 7 

microRNAs between HPV+ and HPV- patients are concordant between the two datasets, 

Spearmans rank correlation: Rho= 0.8, p=0.02 and Pearson’s correlation=0.8, p=0.02, 

95% CI 0.21-0.97 (Figure 4.1B) (Figure 4.1C vs D) (Figure 4.2 A-C) (Figure 4.3 A-D) 

Since the relative abundance of a particular microRNA is represented by the absolute 

number of sequence reads in miRNAseq data, those with expression values <10 in both 

cohorts were removed. Then, a log2 Fold change cutoff of +/- 1.0 further filtered the data, 

yielding a list of significantly altered microRNAs, the top 16 of which are shown in 

Table 4.4. 
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This list is certain to include many microRNAs that despite their significant 

difference in these relatively small cohorts, likely do not reflect true molecular 

distinctions between HPV+ and HPV- disease. As such, it was of particular interest that 

among the most statistically significant microRNAs from TCGA Cohort 1, miR-199-1, 

miR-106b, and miR-9 were highly correlated to patients who are HPV+ irrespective of 

other covariates such as age or smoking status (Figure 4.4). Indeed, the 95% confidence 

intervals for the mean expression values for these microRNAs across patients are non-

overlapping. Interestingly, miR-9 was upregulated 1.84 fold (p=0.14) in the FFPE qPCR 

cohort and it has been identified by two independent published studies as an HPV-

associated microRNA in OPSCC. Therefore, the upregulation of both miR-9-1 and miR-

9-2 in TCGA Cohort 1 miRNAseq data served as strong validation that this is an HPV-

associated microRNA in OPSCC.  

Unsupervised clustering that was blinded to HPV status performed on miRNAseq 

data indicated that in this dataset, HPV+ disease is associated with distinct microRNA 

profiles; as these 11 patients, for the most part, clustered independently from the HPV- 

patients (Figure 4.5). Notably, a group of microRNAs that are highly expressed in both 

HPV+ and HPV- disease, including miR-21, miR-203, and miR-22 (Table 4.5) clustered 

at the bottom of this heatmap, implicating these microRNAs as potentially important in 

squamous differentiation or HNSCC regardless of HPV status. 

 

4.3.2   TCGA cohort 2 

After identifying the additional cohorts (n=49, 20+/29-) (Table 4.6)(Table 4.7), 

normalized miRNAseq data were downloaded from the TCGA data portal and analyzed 
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as in cohort 1. It is important to note that the patients who are considered here as HPV+ 

have been shown to have transcriptionally active virus, thus if public data were available 

regarding HPV ISH and p16, both would likely be positive. A caveat to this is that, 

overall, this HPV+ cohort had more patients who died, n=7 (35%), survival range= 0.2 to 

4.78 years, compared to cohort 1. Moreover, not all of the HPV+ patients had 

oropharyngeal disease (Figure 4.6), 

The fold changes of the 7 microRNA panel from FFPE studies shows concordance 

between the two datasets, Spearmans rank correlation: Rho= 0.75, p=0.06 and Pearson's 

correlation=0.78, p=0.03 (Figure 4.7).  Considering the analyses of both TCGA cohorts 

did not adjust for smoking, age, or anatomical site, these correlations suggest that the 

original HPV+ 7miR model is statistically robust. 

Student’s t-tests were performed for each normalized microRNA sequence to 

compare expression differences between HPV+ and HPV- cohorts. Results were sorted 

according to significance. After removing microRNAs that were expressed at average 

levels in both cohorts (<10 RPM), a list of 43 microRNAs was generated, the top 10 of 

which are shown in Table 4.8.  

MiR-9 and miR-106b were amongst the most statistically significant microRNAs 

(Table 4.8 and Figure 4.8A,B).  As shown, both miR-9-1 and miR-9-2 are expressed on 

average at reads per millions counts of ~5000 in patients whose tumors express HPV 

transcripts. This is in stark contrast to patients whose tumors are negative for p16 IHC 

staining and/or HPV ISH, where on average miR-9 levels are ~16-fold lower. miR-199a-

1 was not statistically significant in this comparison and it is apparent that the HPV+ 

cohort expresses high levels of this microRNA (Figure 4.8C). 
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As has been shown in analyses of FFPE samples and TCGA Cohort 1 (p16/ISH 

confirmed cases), HPV-associated tumors are characterized by upregulation of 

microRNAs belonging to the miR-106b~25 cluster (miR-106b, miR-93, miR-25) (see 

Chapter 6.3.1). Our validation studies using TCGA Cohort 2 strongly support 

upregulation of members of this cluster in association to HPV status. Further, the 

expression levels of the closely related miR-106a~363 cluster (miR-106a, miR-20b and 

miR-363) are tightly correlated to HPV status, although the expression levels of these 

microRNAs are low, making it difficult to interpret the potential biological significance 

(Table 4.4 and 4.8). It should be noted that others have reported upregulation of miR-

20b as well as miR-363 based on qPCR profiling and microarray analyses of FFPE 

samples and cell lines respectively (Wald 2011 & Hui 2013, see discussion). 

The microRNAs that were detected and normalized at the highest levels from these 

49 patients compromises a list almost identical to TCGA cohort 1 (Table 4.9), again 

implicating miR-21, miR-22, miR-203 as well as let-7a, let-7b, and miR-10b as 

microRNAs expressed highly in HNSCC.  
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Table 4.1: HNSCC cases from TCGA with available HPV ISH and p16 results. The 
patient barcode for 66 patient samples are shown along with age, anatomical site for the primary tumor, 
stage, gender, and results for HPV testing. The different colors depict HPV+ (green), HPV- (red), and 
ISH/p16 discordant cases (blue). 

bcr_patient_barc
ode age site stage gender hpv_ish p16_testing 

TCGA-BB-4228 50 
Base of 
tongue Stage II MALE NA Positive 

TCGA-CN-4735 52 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-5374 56 Tonsil Stage IVA FEMALE Positive NA 
TCGA-CN-4725 60 Oral Tongue Stage II MALE Negative Negative 
TCGA-CN-4727 56 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-4728 56 Oral Cavity Stage IVA MALE NA Negative 
TCGA-CN-4737 19 Oral Tongue Stage II MALE Negative Negative 

TCGA-CN-5373 55 
Floor of 
mouth Stage II FEMALE Negative Negative 

TCGA-CN-4722 61 Larynx Stage II FEMALE Negative NA 

TCGA-CN-4731 63 
Buccal 
Mucosa Stage IVA FEMALE Negative Negative 

TCGA-CN-4734 70 
Buccal 
Mucosa Stage II MALE Negative Negative 

TCGA-CN-5358 60 
Floor of 
mouth Stage III MALE Negative Negative 

TCGA-CR-5250 71 
Base of 
tongue Stage II MALE Positive Positive 

TCGA-CN-6010 53 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-6012 66 Larynx Stage III MALE Negative Negative 

TCGA-CN-6013 56 
Alveolar 
Ridge Stage IVA MALE Negative Negative 

TCGA-CN-6017 55 Oral Tongue Stage III MALE Negative Negative 
TCGA-CN-6019 61 Oral Tongue Stage IVA MALE Negative Negative 
TCGA-CN-6022 49 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-6023 73 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-6024 66 Oral Tongue Stage IVA MALE Negative Negative 

TCGA-CN-6016 64 
Floor of 
mouth Stage IVA MALE Negative Negative 

TCGA-CN-6020 58 Oral Cavity Stage IVA MALE Negative Negative 
TCGA-CN-4733 61 Oral Tongue Stage I MALE Negative Negative 
TCGA-CR-6487 50 Tonsil Stage II MALE Positive Positive 
TCGA-CR-6480 53 Tonsil Stage IVA MALE Positive Positive 
TCGA-CR-6484 67 Oral Cavity Stage IVA FEMALE Negative Negative 

TCGA-CR-6491 60 
Floor of 
mouth Stage IVA MALE Negative Negative 

TCGA-CR-6477 56 BOT Stage IVA FEMALE Negative Negative 
TCGA-CR-6481 47 Tonsil Stage IVA MALE Positive Positive 
TCGA-DQ-5629 64 Larynx Stage IVA MALE NA Negative 
TCGA-CN-6988 47 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-6989 64 Larynx Stage IVA MALE Negative Negative 
TCGA-CN-6992 61 Larynx Stage IVA MALE Negative Negative 
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TCGA-CR-7372 45 Oral Tongue Stage II MALE Negative Negative 
TCGA-CR-7373 66 Oral Cavity Stage IVA MALE Negative Negative 
TCGA-CR-7379 78 Oral Cavity Stage IVA FEMALE Negative Negative 
TCGA-CR-7390 67 Oral Tongue Stage III MALE Negative Negative 
TCGA-CR-7392 67 Oral Tongue Stage IVA FEMALE Negative Negative 
TCGA-CR-7393 26 Oral Tongue Stage I MALE Negative Negative 
TCGA-CR-7394 70 Oral Tongue Stage IVA MALE Negative Negative 
TCGA-CR-7395 80 Oral Cavity Stage II FEMALE Negative Negative 
TCGA-CN-6997 66 Larynx Stage IVA MALE Negative Negative 
TCGA-CR-7391 36 Oral Tongue Stage I FEMALE Negative Negative 
TCGA-CN-6998 53 Oral Tongue Stage IVA MALE Negative Negative 

TCGA-DQ-7591 62 
Base of 
tongue Stage IVA MALE NA Positive 

TCGA-CR-6492 78 Hard Palate Stage IVA MALE Negative Negative 
TCGA-DQ-7592 57 Oral Tongue Stage IVA MALE NA Negative 
TCGA-CR-7376 83 Oral Cavity Stage II MALE Negative Negative 
TCGA-CR-7404 53 Tonsil Stage IVA MALE Positive Positive 

TCGA-HD-8314 58 
Base of 
tongue Stage III MALE NA Positive 

TCGA-HD-8224 63 
Base of 
tongue Stage III MALE NA Negative 

TCGA-HD-8635 61 Oral Tongue Stage III FEMALE NA Negative 
TCGA-HD-
A4C1 41 

Buccal 
Mucosa Stage IVA FEMALE NA Negative 

TCGA-CN-
A49B 71 Larynx Stage III MALE Negative Negative 
TCGA-MT-
A51W 52 Tonsil Stage I FEMALE Negative Negative 

TCGA-F7-A61V 54 
Base of 
tongue 

[Not 
Available] MALE NA Negative 

TCGA-BA-
A6DB 24 Oral Tongue Stage II FEMALE Negative Negative 

TCGA-BB-7861 56 
Base of 
tongue Stage III MALE Positive Positive 

TCGA-BB-7866 40 Tonsil Stage IVA MALE Positive Positive 

TCGA-CN-4726 68 
Buccal 
Mucosa Stage IVA MALE Negative Negative 

TCGA-CN-5359 59 
Floor of 
mouth Stage IVA MALE Negative Negative 

TCGA-CN-4742 48 Oral Tongue Stage IVA FEMALE Negative Negative 
TCGA-CN-5370 78 Oral Tongue Stage II MALE Negative Negative 

TCGA-DQ-7588 66 
Buccal 
Mucosa Stage III MALE NA Negative 

TCGA-BA-
A6DF 80 

Floor of 
mouth Stage IVA FEMALE Negative Positive 
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Table 4.2: HPV+ TCGA cohort 1. Patient samples included in HPV+ TCGA cohort 1. Smoking is 
depicted with + or – for smoker or nonsmoker respectively and R= Current reformed smoker for < or = 
15 years < or = 15 years, R+=Current reformed smoker for > 15 years. NA= not available 

Patient 
barcode Age Gender Race Site 

Clinical 
stage 

Vital 
stats Smoking 

HPV 
ISH p16 

TCGA-BB-

4228 
50 MALE White BOT II Living + NA + 

TCGA-CN-

5374 
56 FEMALE White Ton IVA Living + + NA 

TCGA-CR-

5250 
71 MALE White BOT II Living + + + 

TCGA-CR-

6487 
50 MALE White Ton II Living R + + 

TCGA-CR-

6480 
53 MALE White Ton IVA Living - + + 

TCGA-CR-

6481 
47 MALE White Ton IVA Living - + + 

TCGA-DQ-

7591 
62 MALE White BOT IVA Living R+ NA + 

TCGA-CR-

7404 
53 MALE White Ton IVA Living - + + 

TCGA-HD-

8314 
58 MALE White BOT III Living - NA + 

TCGA-BB-

7861 
56 MALE White BOT III Living + + + 

TCGA-BB-

7866 
40 MALE White Ton IVA Living R + + 
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Table 4.3: HPV- TCGA cohort 1. Patient samples included in HPV- TCGA cohort 1. Smoking is 
depicted with + or – for smoker or nonsmoker respectively, R= Current reformed smoker for < or = 15 
years < or = 15 years, and R+=Current reformed smoker for > 15 years.  

Patient 
barcode Age Gender Race site 

Clinical 
stage 

Vital 
stats Smoking 

HPV 
ISH p16 

TCGA-CR-
6477 56 FEMALE WHITE BOT Stage IVA Living R+ - - 

TCGA-HD-
8224 63 MALE WHITE BOT Stage III Living - NA - 

TCGA-MT-
A51W 52 FEMALE WHITE Ton Stage I Living + - - 

TCGA-F7-
A61V 54 MALE WHITE BOT NA Living + NA - 

TCGA-CN-
4726 68 MALE WHITE BM Stage IVA DEAD + - - 

TCGA-CN-
4728 56 MALE WHITE OC Stage IVA Living + NA - 

TCGA-CN-
5359 59 MALE WHITE FOC Stage IVA DEAD + - - 

TCGA-CN-
4742 48 FEMALE WHITE OT Stage IVA DEAD + - - 

TCGA-CN-
6016 64 MALE WHITE FOM Stage IVA Living + - - 

TCGA-CN-
6020 58 MALE BLACK OC Stage IVA Living + - - 

TCGA-CN-
6024 66 MALE WHITE OT Stage IVA Living + - - 
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A.      B. 

C. D.  

 

Figure 4.1: TCGA Cohort 1 results for FFPE 7 microRNA panel. After constructing a 
dataframe for all 22 patients and the normalized reads per million counts for 754 microRNAs, Student’s t-
tests were performed comparing the mean expression levels in the HPV+ compared to the HPV- cohorts. 
The results were then sorted according to significance.  
(A) The histogram shows ~148 microRNAs were significant according to these analyses and a red line 
dividing the microRNAs associated with p-values <0.05 (left hand bar) from all other microRNAs. The 
log2FC values 
(B) Fold changes (log2) from the 7 microRNAs identified from FFPE experiments were plotted against fold 
change values for the same miRNAs from miRNA-seq data and indicated strong concordance based on 
Spearmans rank correlation (Rho= 0.85, p= 0.02) and Pearson's product-moment correlation (r= 0.83, p= 
0.02; 95% CI: [0.21, 0.97]).  A best-fit line (red) indicates this relative concordance, while a 45-degree 
reference line (blue, dotted) indicates that there is not perfect absolute agreement between the data sets and 
assay technique.  
(C) Fold changes (log2) from the 7 microRNAs identified from FFPE experiments 
(D) Data from TCGA cohort 1 miRseq analyses showing relative agreement in fold change for all 
microRNAs except for miR-143. Of these, only miR-199 was statistically significant between HPV+ and 
HPV- cohorts. 
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A.      B. 

C.  

 

Figure 4.2: Expression level of miR-320a, miR-222, and miR-93 across TCGA 
cohort 1 patients. Box and whisker plots show that miR-320a (A) and miR-222 (B) are expressed at 
much lower normalized sequence reads compared to miR-93 (C). None of these microRNAs appear to be 
significantly higher in this cohort of 11 HPV+ samples compared to 11 HPV- samples, although the fold 
changes are all positive.   
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A.      B. 

C. D.

 

Figure 4.3: Expression level of miR-199, miR-145, miR-143, and miR-126 across 
TCGA cohort 1 patients. Scalebars for box and whisker plots show miR-143 (C) is expressed at 
much higher normalized sequence reads compared to all other microRNAs and no difference between 
HPV+ and HPV- cohorts for mi143 expression. In contrast, although the mean differences are subtle, miR-
199, miR-145, and miR-126 appear slightly lower in the HPV+ cohorts compared to HPV- (A, B, D). 
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Table 4.4: TCGA cohort 1 analysis. Depicts fold change and log2FC for the 16 most statistically 
significant microRNA sequences  

 
HPV+ 

mean RPM 
HPV- 

mean RPM Fold change logFC p_value 

hsa-mir-106b 1225 542 2.26 1.18 1.7E-05 

hsa-mir-148a 54501 20645 2.64 1.40 4.8E-05 

hsa-mir-625 306 111 2.76 1.46 8.8E-05 

hsa-mir-335 113 41 2.71 1.44 5.4E-04 

hsa-mir-9-1 5078 1054 4.81 2.27 5.4E-04 

hsa-mir-9-2 5091 1055 4.82 2.27 5.8E-04 

hsa-mir-214 13 46 0.30 -1.75 8.9E-04 

hsa-mir-337 10 36 0.29 -1.79 1.3E-03 

hsa-mir-378c 24 7 3.49 1.80 1.7E-03 

hsa-mir-29c 4456 1204 3.70 1.89 2.5E-03 

hsa-mir-598 38 14 2.68 1.42 3.3E-03 

hsa-mir-107 133 52 2.55 1.35 5.2E-03 

hsa-mir-150 2796 746 3.75 1.91 5.6E-03 

hsa-mir-106a 55 18 3.05 1.61 6.6E-03 

hsa-mir-378 2154 742 2.90 1.54 6.7E-03 

hsa-mir-20b 152 9 16.61 4.05 7.4E-03 
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A.      B.   

C.

 

Figure 4.4: Mean normalized miRNA read counts for miR-106b, miR-9, and miR-
199-1.  
(A) The most statistically significant microRNA in t-test comparison, miR-106b, shows higher expression 
in HPV+ compared to HPV- cohorts (p=1.6E-04). This microRNA is expressed from the same primary 
polycistronic transcript as miR-93 (see Chapter 6.3) and shares the same functionally relevant nucleotide 
(seed) sequence. This finding implicates these miRNAs as potentially important in post-transcriptional gene 
regulation in HPV+ tumors. 
(B) miR-9 is significantly upregulated in HPV+ (p=5.4E-04). This microRNA was upregulated, but not 
significantly in FFPE qPCR experiments, and has been identified by two independent published studies as 
an HPV-associated miRNA in OPSCC.  
(C) Mean normalized miRNA read counts showing miR-199a as a validated HPV-associated miRNA 
(p=9.8E-03).  
All bars indicate 95% confidence limits. 
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Figure 4.5: Analysis of TCGA miRNAseq data from cohorts of OPSCC patients, 
n=22 (11 HPV+ and 11 HPV-). A heatmap of normalized expression data with color scale 
representing greater (red) or lesser (blue) levels of relative expression across TCGA HNSCC samples 
(columns) and miRs (rows). Unsupervised hierarchical clustering of both the samples and the miRs was 
carried out using Euclidean distance and the average linkage methods, and the resulting dendrograms are 
shown in the margins, where ‘+’ or ‘-’ indicates HPV status. Items that are most similar cluster lower in the 
dendrogram. There appear to be 2 distinct clusters of samples, one entirely HPV+ and the other mostly 
HPV-, as well as 4 distinct clusters of miRs. As an example reflecting the color scale, the bottom rows 
show microRNAs expressed across all samples at levels between 15,000- 320,000 read per million miRNA 
mapped (see Table 4.5). 
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Table 4.5: Most highly expressed microRNAs from TCGA Cohort 1. These microRNAs 
clustered together in red in figure 4.5. Notably, miR-21 has been shown in numerous studies (see Chapter 
1.2) as upregulated in HNSCC. The presence of MiR-143 on this list suggests its downregulation in FFPE 
samples was a false discovery. MiR-203 and mir-205 have both been implicated as important in squamous 
cell differentiation and, in the case of miR-203, may be modulated by HPV oncoproteins (see Chapter 6.3). 
 

 HPV+ HPV- 

hsa-mir-21 301475 322251 

hsa-mir-203 69099 164496 

hsa-mir-22 81299 105550 

hsa-mir-143 70497 68587 

hsa-mir-10b 20246 27475 

hsa-let-7b 19085 18205 

hsa-mir-103-1 21285 16456 

hsa-mir-205 22755 16178 

hsa-mir-99b 14235 16120 

hsa-let-7a-2 19696 14212 
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Table 4.6: HPV+ TCGA Cohort 2: Patient samples included in HPV+ TCGA cohort 2, n=20. 
These samples did not have available HPV testing information in the TCGA clinical data. Instead, they 
were shown to express HPV mRNA by Khoury and colleagues. Smoking is depicted with + or – for smoker 
or nonsmoker respectively, R= Current reformed smoker for < or = 15 years < or = 15 years, and 
R+=Current reformed smoker for > 15 years. NA= not available 

Patient_barcode age gender race Site stage 
# pack 
years EtOH vital_status 

TCGA-CR-7368 54 M WHITE OC IVA 57 YES Alive 

TCGA-CV-7406 49 M WHITE BOT II 9 YES Dead 

TCGA-CV-5443 63 M BLACK  L III NA YES Alive 

TCGA-HD-7754 69 M WHITE T IVA 4 YES Alive 

TCGA-CV-6961 61 M WHITE OT II NA YES Dead 

TCGA-CR-6472 59 M WHITE BOT IVB NA YES Alive 

TCGA-CR-7369 59 M WHITE OC IVA 48 YES Dead 

TCGA-CN-4741 75 M WHITE AR IVA 45 NO Alive 

TCGA-CR-7385 42 M WHITE T IVA 0.01685 YES Alive 

TCGA-CV-5971 60 M WHITE OT IVA NA YES Alive 

TCGA-CV-5442 76 F WHITE HP IVA NA NO Alive 

TCGA-BA-4077 45 F WHITE BOT IVB 30 YES Dead 

TCGA-CQ-5323 82 M WHITE AR III 45 YES Alive 

TCGA-BA-5559 71 M WHITE T IVA NA YES Alive 

TCGA-CR-6471 58 M WHITE OC IVA 40 YES Dead 

TCGA-CN-4741 75 M WHITE AR IVA 45 NO Alive 

TCGA-HD-7754 69 M WHITE T IVA 4 YES Alive 

TCGA-CV-7100 66 M WHITE OC II NA NO Dead 

TCGA-CR-6471 58 M WHITE OC IVA 40 YES Dead 

TCGA-HD-7832 52 M WHITE FOM IVA 36 YES Alive 
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Figure 4.6: Number of cases in HPV+ TCGA cohort 2 for each of the anatomical 
sites depicted 
 
Table 4.7: HPV- TCGA Cohort 2: Patient samples included in HPV- TCGA cohort 2, n=29. These 
samples did have available HPV testing information in the TCGA clinical data. Smoking is depicted with + 
or – for smoker or nonsmoker respectively, R= Current reformed smoker for < or = 15 years < or = 
15 years, and R+=Current reformed smoker for > 15 years. NA= not available 

Patient_barcod
e age gender race Site stage 

# pack 
years EtOH 

vital_statu
s 

HPV
_ISH p16 

TCGA-CN-
4725 60 M WHITE OT II na NO Alive - - 

TCGA-CN-
4737 19 M WHITE OT II na NO Alive - - 

TCGA-CN-
5373 55 F WHITE FOM II 60 YES Alive - - 

TCGA-CN-
4731 63 F WHITE BM IVA 60 YES Alive - - 

TCGA-CN-
5358 60 M WHITE FOM III 45 YES Alive - - 

TCGA-CN-
6013 56 M WHITE AR IVA na YES Alive - - 

TCGA-CN-
6017 55 M WHITE OT III 5 YES Alive - - 

TCGA-CN-
6019 61 M WHITE OT IVA 20 YES Alive - - 

TCGA-CN-
4733 61 M WHITE OT I na NO Alive - - 

TCGA-CR-
6484 67 F ASIAN OC IVA na NO Alive - - 

TCGA-CR-
6491 60 M BLACK FOM IVA 67.5 YES Alive - - 

TCGA-CR-
7372 45 M WHITE OT II na YES Alive - - 
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TCGA-CR-
7373 66 M WHITE OC IVA 90 NO Alive - - 

TCGA-CR-
7379 78 F WHITE OC IVA 0.71 NO Alive - - 

TCGA-CR-
7390 67 M WHITE OT III 80 YES Alive - - 

TCGA-CR-
7392 67 F WHITE OT IVA 30 NO Alive - - 

TCGA-CR-
7393 26 M WHITE OT I na YES Alive - - 

TCGA-CR-
7394 70 M WHITE OT IVA 60 NO Alive - - 

TCGA-CR-
7395 80 F WHITE OC II 60 YES Alive - - 

TCGA-CN-
5370 78 M WHITE OT II na YES Dead - - 

TCGA-CR-
7391 36 F WHITE OT I na YES Alive - - 

TCGA-CN-
6998 53 M WHITE OT IVA 40 NO Alive - - 

TCGA-CR-
6492 78 M WHITE HP IVA 50 YES Alive - - 

TCGA-DQ-
7588 66 M WHITE BM III 45 YES Dead na - 

TCGA-DQ-
7592 57 M NW-NA OT IVA 68 YES Alive na - 

TCGA-CR-
7376 83 M WHITE OC II 54 YES Alive - - 

TCGA-HD-
8635 61 F WHITE OT III 36 YES Alive na - 

TCGA-HD-
A4C1 41 F BLACK BM IVA na NO Alive na - 

TCGA-BA-
A6DB 24 F WHITE OT II na YES Alive - - 
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Figure 4.7: Scatterplot FFPE microRNAs vs TCGA cohort 2. Fold changes (log2) from the 
7 microRNAs identified from FFPE experiments were plotted against fold change values for the same 
microRNAs from miRNA-seq data and indicated strong concordance based on Spearman’s rank correlation 
(Rho= 0.75, p=0.06) and Pearson's product-moment correlation (r=0.78, p=0.03, 95%CI: [0.07 to 0.96]). A 
best-fit line (red) indicates this relative concordance, while a 45-degree reference line (blue, dotted) 
indicates that there is not perfect absolute agreement between the data sets and assay technique.  
 

Table 4.8: TCGA Cohort 2. Depicts fold change and log2FC for the 10 most statistically significant 
microRNA sequences. 
 

 
HPV+ 

mean RPM 
HPV- 

mean RPM Fold change logFC p_value 

hsa-mir-20b 47 7 6.79 2.76 2.6E-04 

hsa-mir-9-2 5287 325 16.26 4.02 5.4E-04 

hsa-mir-9-1 5282 326 16.18 4.02 5.4E-04 

hsa-mir-106b 990 587 1.69 0.75 5.4E-04 

hsa-mir-574 44 69 0.63 -0.66 6.8E-04 

hsa-mir-193b 101 256 0.40 -1.34 9.0E-04 

hsa-mir-363 30 7 4.38 2.13 9.3E-04 

hsa-mir-16-2 23 11 1.99 0.99 1.7E-03 

hsa-mir-15b 521 269 1.93 0.95 1.7E-03 

hsa-mir-25 11787 7377 1.60 0.68 1.8E-03 
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A.       B. 
 

 
C. 

 

Figure 4.8: Mean normalized miRNA read counts for miR-106b, miR-9, and miR-
199-1.  
(A) miR-106b appears to be a validated HPV-associated microRNA (p=5.4E-04) (95%CI HPV+ [797 to 
1182], HPV-[490 to 684]) 
(B) Data from miR-9 (p=5.8E-04) shows very low expression across all HPV- patients and high expression 
across all HPV+ patients, 95%CI HPV+ [2787 to 7776], HPV-[147 to 505]  
(C) Mean normalized miRNA read counts showing no difference according to HPV status (p=0.26) 
All bars indicate 95% confidence limits. 
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Table 4.9: Most highly expressed microRNAs from TCGA Cohort 2. These microRNAs 
are almost identical to those most highly expressed in TCGA cohort 2. With the exception of miR-203, the 
expression patterns are uniform according to HPV status.  
 

 HPV+ HPV- 

hsa-mir-21 328127 296564 

hsa-mir-203 112159 168356 

hsa-mir-22 95920 99593 

hsa-mir-143 83245 83042 

hsa-mir-148a 28599 25084 

hsa-let-7a-2 22455 18820 

hsa-let-7b 21977 21817 

hsa-mir-103-1 20152 21395 

hsa-mir-10b 19641 24625 

hsa-let-7f-2 15013 10713 
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CHAPTER 5. CELL LINE AND TISSUE MICROARRAY VALIDATION 

STUDIES 

 

5.1   INTRODUCTION 

In order to further confirm and characterize significantly altered microRNAs in 

HPV+ vs HPV- OPSCC tumors, an additional two-tiered validation strategy was 

performed. The objective of these studies was to validate the loss or gain of the most 

differentially expressed microRNAs utilizing (i) in vitro cell line systems designed to 

recapitulate salient phenotypic features of OPSCC and (ii) an expanded human tissue 

cohort. Future studies using HPV+ and HPV- cell lines with characterized endogenous or 

induced modulations of particular microRNAs can be used for functional assays to 

evaluate cellular behaviors relevant to tumor progression and metastasis including 

proliferation, adhesion, migration, and invasion. 

A major focus of the Stack lab is mechanistic analysis of molecular events that 

contribute to oral cancer metastasis.  Because HPV+ OPSCC more commonly presents as 

stage III/IV lesions, a more detailed analysis of the molecular mechanisms that contribute 

to metastasis in HPV+ tumors offers the potential for new early detection and therapeutic 

strategies. Initially, endogenous microRNA levels were carefully evaluated in a panel of 

cell lines of known HPV status (Table 5.1) including normal oral epithelial cells (HTE-

TERT), premalignant epithelium (HTE-E6E7), HPV- OPSCC cells (SCC003, SCC071) 

and HPV+ OPSCC cells (SCC090, SCC200) using microarray analysis. These data will 

be useful for choosing cell lines for future functional studies.  
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For the tissue-based in-situ hybridization studies, the aim was to assess the expression 

of microRNAs that were statistically significant between HPV+ vs HPV- OPSCC and 

expressed at relatively high levels according to miRNAseq data (see discussion Ch 6). 

5.2   MATERIALS AND METHODS 

5.2.1 Cell lines  

All cell lines were obtained from the sources indicated and propagated in standard 

conditions as recommended by the source scientists. HPV testing for all cancer cell lines 

was previously reported, and was determined using nested real-time PCR with consensus 

primers for the L1 sequence of the HPV genome (White JS et al 2007 & Ragin CC et al 

2006). Smoking status was defined as follows: never smoker (never smoked), current 

smoker (recorded as a smoker who had not quit at the time of enrollment), former smoker 

(quit smoking at least 1 month before enrollment in the study). Alcohol use was defined 

as follows: never drinker (never consumed alcohol), current drinker (had not quit alcohol 

consumption at the time of enrollment) and former drinker (quit alcohol consumption 

before enrollment) (Ragin et al. 2006). TP53 mutation status was determined by 

automated sequencing of exons 5–8. Amplification of 11q13 was assessed using 

fluorescence in situ hybridisation (FISH) probes for FGF3/INT2, 

FGF4/HST1 or CCND1 (Ragin 2006).  

Immortalized human tonsillar epithelial (HTE) cells and HTE-E6E7 cells were generated 

by Dr. Aloysius J. Klingelhutz’s lab (University of Iowa). Primary HTE cells were co-

transduced with a pBABE-Hygro-TERT retroviral vector (a gift from Dr. Robert 

Weinberg) and a shRNA-p16-Puro-MSCV retroviral vector (a gift from Dr. Scott Lowe) 
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using GenePorter reagents and protocols (GTS) (described in James et al. 2006) 

generating ‘TERT/shRNA-p16 HTE21505 Clone D’ (HPV negative TERT immortalized 

cell). The E6/E7 expressing cells are termed ‘16E6/E7 HTE21505’ and were also created 

in Dr Klingelhutz’s lab. The E6 and E7 DNA was cloned into a LXSN vector and were 

cultured in keratinocyte serum-free media (Cat # 17005042, Invitrogen) supplemented 

with 0.16 ng/mL EGF and 25 µg/mL Bovine Pituitary Extract at 37ºC in a humidified 

atmosphere of 5% CO2 (Kimple et al. 2013). 

The OPSCC cell lines were provided by Susanne Gollin at the University of Pittsburgh. 

For the collection of tissues for these cell lines; tumor, adjacent mucosa, and peripheral 

blood were obtained from consenting patients who underwent surgery for squamous cell 

carcinoma at the University of Pittsburgh Medical center between September 1992 to 

February 1997 (White et al. 2007). The associated patient histories and pathological 

information were gathered by patient questionnaire and de-identified pathology reports 

respectively. For tissue culturing, resected tissues were collected in α-MEM (Irvine 

Scientific, Santa Ana, CA) supplemented with 2mM L-glutamine, 10% (v/v) fetal bovine 

serum (FBS), gentamicin (50µg/ml), chloramphenicol (5µg/ml), clindamycin (10µg/ml), 

penicillin G (100U/ml), streptomycin (100µg/ml) and amphotericin B (5µg/ml) 

(supplements from Gibco Invitrogen, Grand Island, NY). The methods used for cell 

culturing were those described by Dr Thomas Carey (Carey 1994). First, tumor 

specimens were rinsed to minimize microbial contamination in a solution of Hank's 

balanced salt solution (HBSS; Irvine Scientific) with gentamicin (250µg/ml), 

chloramphenicol (50µg/ml), clindamycin (100µg/ml), penicillin G (250U/ml) and 

amphotericin B (50µg/ml). Tissues were then minced and distributed among three to four 



 172 

empty T24 flasks and incubated at 37°C for 5 min in order to enable tissue adherence to 

the flask surface. The tissues were then submerged in Minimal Essential Medium (Gibco 

Invitrogen), supplemented with 1% non-essential amino acids, 1% L-glutamine, 50µg/ml 

gentamicin, and 15% (v/v) FBS (FBS from Irvine Scientific). The flasks were then 

incubated in an humidifier at 37°C in 5% CO2. Culture medium was changed twice 

weekly. If the cultures became contaminated or failed to grow within 1 month, they were 

discarded. At 70% confluency, the primary cultures were subcultured into two flasks. 

Cell lines were considered successfully established after continuous passages of 

squamous cells; and interestingly, a variety of factors affected successful culturing of 

primary squamous cell carcinoma cells. In general, successful cultures reached 

confluency within 2-4 weeks. For the purposes of this dissertation, tumors from HPV+ 

patients were much more difficult to culture compared to those from HPV- tumors 

(16.3% success rate HPV+ vs 29.9% for HPV-; adjusted odds ratio 0.29, 95%CI [0.11-

0.77]). While cumulative alcohol use, smoking, 11q13 amplification, and other 

covariables were positively associated with cell line formation. The demographic and 

pathological characterization associated with the OPSCC cell lines used in this study are 

provided in Table 5.2. 

 

5.2.2 RNA isolation 

Total RNA was extracted from various cell lines using the miRCURY™ RNA Isolation 

Kit- Cell and Plant (Product number 300110, Exiqon A/S, Denmark). All cells were taken 

at 50% confluence on 10cm plates as recommended by the manufacturer.  
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5.2.3 Exiqon microarray 

Each miRCURY LNA miRNA array (Exiqon, 7th generation) contains locked-nucleic 

acid probes (LNA) for all human microRNAs registered in miRBASE 18.0, providing the 

ability to detect 2082 possible microRNAs per slide. LNA-technology provides 

significant affinity enhancing effects in binding its exact complementary strand, thus 

improving the microarray’s specificity. The term “locked” refers to a chemical 

modification of the nucleoside in which the ribose ring is covalently modified with a 

methylene bridge between the 2’-O atom and the 4’-C atom, thus constraining the 

possible conformations, or ‘molecular flex’ inherent within oligonucleotides. This 

improves base pairing because the sugar backbone is essentially more rigid, producing 

the ideal conformation for exact sequence-specific binding, improving the stability of the 

resulting duplex, and favorably enhancing binding kinetics. When utilizing LNAs for 

microarrays, these features make the probes both more sensitive, because of the binding 

kinetics, and more specific, because of the constrained structure; especially in the context 

of short RNA or DNA sequences. Further, the use of locked-nucleic acids in microarrays 

improves single nucleotide discrimination. 

RNA samples from 6 cell lines (HTE clone D, HTE21505, SCC090, SCC200, SCC003, 

and SCC072, marked with * in Table 5.1) were shipped to Exiqon, with all experiments 

being conducted at Exiqon Services in Denmark. Each cell line underwent individual 

dual-color microarray analysis, such that 6 slides were utilized. The steps for these 

experiments included: 

1. RNA QC: The quality of the total RNA was verified by an Agilent 2100 

Bioanalyzer profile. Nanodrop was used for accurate measurement of 
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concentrations (A260), protein contamination (ratio A260/A280), and 

contamination with buffer components, or organic compounds (ratio A260/A230). 

Compounds like phenol, Trizol™ and others aromatics may inhibit the labeling 

reaction giving inconclusive or negative results. 

2. Labeling reference and sample RNA: A common reference RNA pool was 

generated, with equal amounts of RNA from each of the 6 cell lines. For each of 

the 6 slides, 750ng of reference or sample RNA were labeled with two different 

fluorescent dyes, Hy5™ for reference or Hy3™ for sample RNA, following the 

procedure described by the manufacturer (miRCURY LNA™ microRNA Hi-

Power Labeling Kit, Hy3™/Hy5™). Spike-in controls were added in various 

concentrations in both the Hy3™ and the Hy5™ labeling reactions, giving the 

opportunity to evaluate the labeling reaction, hybridization, and the performance 

of the array experiment in general.  

3. Hybridization: The Hy3™-labeled sample and Hy5™-labeled reference RNA 

pool were mixed pair-wise and hybridized to the miRCURY LNA™ microRNA 

Array (7th Generation, Exiqon). The hybridization was performed according to 

the miRCURY LNA™ microRNA Array Instruction manual using a fully 

automated Tecan HS4800™ hybridization station (Tecan, Austria). 

4. Scanning: Scanning and storing occurred in an ozone free environment in order to 

prevent potential bleaching of the fluorescent dyes and permit uniform conditions 

for all 6 slides. Agilent G2565BA Microarray Scanner System (Agilent 

Technologies, Inc., USA) was utilized to produce an image for each slide. 
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Subsequent image analysis was carried out using ImaGene® 9 (miRCURY 

LNA™ microRNA Array Analysis Software, Exiqon, Denmark).  

5. Quantifying signals and normalization: A series of technical quality control 

measures help to establish quantification of signal from each probe based on, (a) 

results from 52 spike-in controls, (b) establishing background intensity levels, and 

(c) signal intensity distribution across the slide. The quantified signals were 

background corrected (Normexp, Ritchie et al. 2007) with an offset value 10 and 

normalized using the LOcally WEighted Scatterplot Smoothing (Lowess) 

regression algorithm. Specifically, intensity-dependent variation in dye may 

introduce intraslide bias. Lowess was performed to minimize differences between 

the two fluorescent probes in an intensity dependent manner and merge two 

colored data into a smooth curve, thereby calculating an adjusted, or normalized, 

Hy3 signal for each probe. The methodological goal of performing Lowess on 

microarrays is to make the average intensity level of the two colors (A) of the 

experiment independent of the difference between the two channels (M) when 

plotted on a scatterplot, thus establishing a normalized MA plot where the spots 

scatter around the horizontal line, M=0. 

6. Data analysis:   

a. Threshold filtering data: The final output of the normalization process are 

values for each probe, or microRNA, across all 6 cell lines corresponding 

to Hy3 signal ‘G’ (log2transformed normalized median intensity value), 

Hy5 signal ‘R’ (log2transformed normalized median intensity values), and 

a calculated log median ratio for each spot ‘M’ (Lowess normalized 
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log2transformed median ratio). MicroRNAs with intensity readings above 

background threshold (calculated for each slide as 1.2 times the 25th 

percentile of the overall signal intensity) in 80% or more of the samples 

were considered expressed. This filtering procedure removed 1432 probes 

from the final dataset. As a control measure, the number of present calls 

for each sample was then compared, with the expectation of having similar 

numbers of present calls across the 6 cell lines.  

b. Unsupervised analysis was performed in the software R/bioconductor 

using mainly the limma package 

i. Principle component analysis (PCA) assessed the differences 

between the 6 cell lines according to the normalized log ratio 

values for the top 50 microRNAs that have the largest variation 

across all samples. This provides an overview of how the samples 

cluster based on this variance. 

ii. Heat-map depictions and two-way hierarchical clustering of 

microRNAs and samples were performed with the complete-

linkage method utilizing Euclidean distance as a measure of 

difference.  

iii. Simple Expression analysis for (1) HPV- to the two HTE cells, (2) 

HPV+ to HTE cells, and (3) HPV+ to HPV- cells was performed. 

For each comparison, log fold changes were calculated comparing 

the two sample groups of interest, e.g. HPV+ to HPV-. Because 

there were only 2 replicates per groups, p-values were not 
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calculated. The final project report included data of microRNAs 

that are more than two-fold differentially expressed between the 

groups. 

iv. Advanced expression analysis for HPV+ to HPV- cells: because 2 

cells lines were grouped together for the log fold change analysis 

performed by Exiqon, a more precise assessment of the raw data 

was performed in order to identify relatively subtle correlations of 

microRNAs to the HPV status in cell lines. Additionally, based on 

the reasoning that a microRNA species that specifically correlates 

to HPV status would show unique but consistent Hy3 signal in 

both of the HPV+ cell lines and dissimilar, or even inverse, 

patterns in the comparison of HPV- cell lines to TERT cell lines, 

we looked for microRNAs following this trend that were not 

associated with log fold changes >2.  

5.2.4 qPCR validation: 

RNA from 10 cell lines (SCC200, 090, 036, 152, HTE clone 21505, SCC003, 072, 089, 

103, and HTE clone D) in technical replicates of three, was extracted utilizing miRCURY 

RNA Isolation kit (Exiqon) according to the manufacturer’s instructions for a total of 30 

RNA samples. This kit utilized spin column chromatography using a resin to separate 

total RNA, including mRNA, rRNA, and other small RNAs, from other cell components 

without the use of phenol, trizol, or cloroform. Each of the 30 samples was 

polyadenylated and reverse transcribed into complementary DNA in a single reaction 

with the Universal cDNA Synthesis kit II (Exiqon). A synthetic RNA spike-in, UniSp6, 
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was added to each sample as a means to monitor RT efficiency and reproducibility in the 

final qPCR experiments.  

Pick-&-Mix microRNA PCR Panel (Exiqon, product # 203801 and 203802) consist of 

96-well PCR plates containing custom selections of dried down microRNA LNA™ PCR 

primer sets for one 10 µL real-time PCR reaction per well, ready-to-use. The LNA™ 

primer sets are designed for optimal performance with the Universal cDNA Synthesis Kit 

II and the ExiLENT SYBR® Green master mix kit. Primer sets for 18 microRNAs of 

interest were selected based on microarray data and the FFPE PCR profile. Also 

included, were 4 candidate reference genes and 2 positive control primer sets, for a total 

of 8 plates. Each of the 8 plates thus contained wells to assay 24 PCR reactions for 4 

samples. The 30 samples were divided into groups of 4 different biological replicates 

such that cDNA from a single cell line was dispersed between 3 plates. Two negative 

control samples were included on plate 8, one no template control (NTC) and one sample 

that was run without reverse transcription (No Enzyme control) (Figure 5.1). 

Prior to dispensing samples across the plates, cDNA from the RT reactions were diluted 

100x with nuclease free water. cDNA and 2x PCR master mix (Exiqon) were combined 

1:1 and 10mcls added to each well, corresponding to 0.05ng total RNA per PCR reaction. 

The plate was then sealed as recommended by the PCR instrument manufacturer and 

spun in a plate centrifuge for 1 minute. 

Real-time PCR Amplification and melting curve analysis was performed on an ABI Step 

One Plus in a standard (2hr) run according to the following cycles: (1) polymerase 

activation/denaturation at 95oC for 10 minutes, (2) amplification for 40 cycles at 95oC for 

10 seconds followed by 60oC for 1 minute at a ramp-rate of 1.6oC/s, and (3) melting 
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curve analysis as specified by the StepOne Plus system. The ABI system was set to 

manual baseline and threshold as opposed to auto Ct settings as per the recommendation 

of Exiqon. Raw Ct values, amplification, plate setup, melt region temperature, melt 

region normalized, and melt region derivative data were exported as .txt and .xls files for 

data analysis. 

5.2.5 PCR validation bioinformatics/analysis: 

Determining reference (aka housekeeping) genes for normalization was carried out on a 

plate-by-plate basis according to the geNorm algorithm, utilizing the R/Bioconductor 

package SLqPCR as described in Chapter 3. 

 

5.2.6 Western blots 

Protein lysates from SCC152, 90, 200, 003, 016, 040, 072, 089, and 103 were 

electrophoresed on 9% SDS-polyacrylamide gels, electroblotted to PVDF membranes, 

and blocked overnight at 4oC with Tris-buffered saline containing 3% BSA and 0.1% 

Tween 20 (TBST).  Blots were probed with E-cadherin antibodies from various 

manufacturers (1:100 dilution, Overnight at 4C), washed (6 x 10 min) with TBST, and 

incubated with peroxidase-conjugated secondary IgG (1:4,000) for 1 hour at room 

temperature. After washing, immunoreactive bands were visualized and compared to 

GAPDH as a positive control. 

 

5.2.7 Immunoflurescence 

SCC003 and SCC090 cells were plated on 22-mm2 glass coverslips in 6-well plates to 50-

70% confluence, treated with 100mM inhibitor sc-514 or 20mM SB747651A for 25 
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hours, washed 3X in PBS and serum-starved for 4 hours (in presence of inhibitor). Cells 

were washed once with PBS, and then fixed in 4% paraformaldehyde in PBS containing 

0.12M sucrose for 20 min. at room temperature and permeabilized for 5 min. in 0.3% 

Triton in PBS. Cells were rinsed twice in PBS and blocked with 10% BSA in PBS for 1 

hr. Primary antibody in 1% BSA was applied for 1 h at room temperature at 1:100 

dilution. Cells were washed 3X in PBS followed by application of the secondary antibody 

(Alexa-fluor 488) for 30 min. at 1:500 dilution. Cells were washed 3X in PBS, rinsed 1X 

with water and coverslips were allowed to air dry protected from light. Coverslips were 

inverted onto 10ul of Vectashield with DAPI on glass slides.  Fluorescence was examined 

on inverted microscopes (Olympus IX81with DSU spinning disk confocal microscopy 

system, Zeiss LSM Meta 510 laser scanning confocal microscope, or the AMG EVOS 

All-In-One digital microscope). Randomly chosen fields (200X magnification) were 

assessed for each group and compared for differences in Beta-catenin nuclear 

translocation.  

 

5.2.8 Proteomics 

Preliminary proteomic profiling of the two HTE cell lines, SCC090, SCC200, SCC090, 

and SCC003 was performed in collaboration with University of Notre Dame Proteomics 

core. Protein lysates were reduced and alkylated with DTT and iodoacetamide to 

maximize peptide recovery after proteolysis. Each cell sample was then fractionated by 

SDS-PAGE and each lane cut into equal-sized fractions.  After stain removal, fractions 

were diced into small cubes and the samples subject to in-gel digestion using trypsin.  

Extracted tryptic fragments were freed of contaminants via micro-scale solid phase 
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extraction and the purified peptides analyzed by LC-MS/MS.  Each fraction was 

subjected to reverse-phase separation prior to elution into a Thermo Scientific Orbi-Velos 

or Q-Exactive mass spectrometer.  Chromatographic separation was performed at 

pressures greater than 5,000 psi on a Waters nanoACQUITY capillary UPLC system.  

The mass spectrometer collects high-resolution MS data (>70,000) at a rate of 

approximately one per second, with concomitant MS/MS data collected at a rate of >8 

per second.  Relative quantification is performed using a combination of label-free and 

stable isotope labeling techniques. 

Component proteins were identified as their component peptides using commercially-

available search engines (SEQUEST and Mascot) to correlate the acquired MS/MS data 

with theoretical data for trypsinized proteins. Quantification was performed using 

commercially available software (Sieve) or MaxQuant. The large amount of 

quantification data was then interpreted with the help of hypothesis-development 

software (Ingenuity Biosystems) that compares experimental results to published data 

regarding protein expression as a function of condition (e.g. neoplasm, stress, etc.) in 

order to help understand the overall experimental outcome and depicted in the results as 

‘Biological Process’ or ‘Cellular context’. 

5.2.9 Tissue microarray microRNA in-situ hybridization studies 

HNSCC tissue microarrays (TMA) were provided by Dr Jim Lewis (Department of 

Pathology & Immunology, Washington University School of Medicine, St Louis, MO).  

The TMA included 357 cases of HNSCC with two tumor tissue cores per case, thus 

compromised 17 formalin-fixed paraffin embedded tissue blocks. Each block was 

sectioned onto four separate slides (4 µm thick), for a total of 68 slides and sent to The 
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Center for RNA interference and non-Coding RNAs at MD Anderson Cancer Center 

(MDACC, Houston, TX) for ISH hybridization and staining. The probes for in-situ 

hybridization (ISH) were ordered from Exiqon (Denmark) and shipped directly to 

MDACC. The probes were selected based on the results of FFPE, TCGA, and cell line 

profiling based on their high relative expression levels and statistically significant 

differences between HPV+ and HPV- tumor tissues. Double digoxigenin (DIG) labeled 

(5’ and 3’) miRCURY LNA™ probes are optimized for detection of microRNAs in 

FFPE tissue sections. For visualization, the digoxigenins are detected with a polyclonal 

anti-DIG antibody and alkaline phosphatase-conjugated second antibody using 5-bromo-

4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BCIP/NBT).  

In these experiments, the full-length mature microRNA sequences were used for three 

specific LNA probes: 

miR-9, TCATACAGCTAGATAACCAAAGA;  

miR-106b, ATCTGCACTGTCAGCACTTTA;  

miR-199-5p, GAACAGGTAGTCTGAACACTGGG 

Optimization of binding conditions was performed by MDACC, but briefly the tissue is 

first digested briefly with Protease K. Next, the probes are hybridized to their targets. 

Followed by AP-conjugated antibodies and BCIP/NBT development to produce purple 

signal. All tumor tissues stained for the three microRNAs were counterstained with 

nuclear fast red. One entire TMA was stained with LNA U6 snRNA probes as positive 

controls without counterstain. Each TMA contained normal reference tissues that served 

as negative controls (liver, thyroid, and small bowel).  
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The stained slides were shipped to Mr. Miller who read and scored in a systematic 

fashion according to the following 3 parameters: (1) proportion of tumors cells with 

identifiable ISH signal (0<10%, 1=10-25%, 2=25-50%, 3=50-75%, 4=>75%); (2) 

strength of ISH signal (weak, weak/moderate, moderate, strong); (3) staining pattern 

(punctate, diffuse, or punctate+diffuse). All images were assessed in a blinded fashion as 

to HPV status, H&E morphology, and all other clinicopathological parameters by Mr 

Miller.  

The staining results were tabulated on a .csv file and emailed to Dr Lewis for tabulation 

of HPV status, then sent back to Mr Miller for analysis. The subsequent analysis was 

performed by Mr Miller and Dr Wade Davis. Logistic regression analysis was performed 

separately for each binary outcome (HPV status measured by p16 and ISH) with the 

following for predictors: staining proportion, strength of ISH signal, and staining pattern. 

Model selection criteria were used to guide the selection of the final variables included in 

the model. Pseudo-R2 and internal cross validation were reported to indicate the 

performance of the model. 

 

5.3   RESULTS  

5.3.1 Microarray 

A prerequisite for choosing cells as models for functional studies is an understanding 

of the molecular characteristics in relation to the biological question of interest. As shown 

below, the cell lines that are commonly used to study HPV+ OPSCC are characterized by 

a wide-array of microRNA profiles that only minimally reflect what is observed in 

patient cohorts. It is interesting to note that all of the cell lines currently being used to 
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study HPV+OPSCC are derived from patients with significant histories of tobacco 

exposure. Clinical trials have shown that there is an increased risk of progression and 

death for patients with oropharyngeal cancer with greater smoking exposure (Gillison 

ML et al 2012), therefore these cell lines may be representative of particularly aggressive 

tumors. Further, it is also clear that experimental systems may confound biochemical and 

cell behavior analysis associated with microRNAs. This is underscored by work showing 

culturing epithelial-derived cells may have profound effects on posttranscriptional 

mechanisms regulating microRNA abundance—as increased culture density is associated 

with enhanced microRNA processing by the nuclear RNase III enzyme responsible for 

cleaving primary microRNAs into precursor microRNAs (Hwang HW et al 2009).  

The 6 cell lines utilized for the microarray (designated by * in Table 5.1) have been 

validated to be HPV+ or HPV- in published reports (White 2007). SCC200 and SCC090 

have been shown to express HPV16 E6 and E7 mRNA, as well as HPV L1 via rtPCR 

(Wald 2011), while SCC003 and SCC072 are negative for HPV DNA (White 2007).  

In comparing the microarray data from these 6 cell lines, the PCA plot and heatmap 

clearly distinguish the HTE samples from the OPSCC samples, while the differences 

between the HPV+ and HPV- groups are not robust (Figure 5.2 & Figure 5.3). For the 

heatmap and dendrogram, each row represents one of the top 50 microRNAs with the 

highest standard deviation between experiments, and each column one of the 6 cell lines. 

As opposed to ‘relative expression’, the red or green colors depict signal intensities 

relative to the reference Hy5 signal, e.g. red color on the heat map indicates an expression 

level below reference and green is higher than reference. 

The clustergram shows that the HPV+ cell lines cluster together, although SCC003 
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appears very similar to these cells in this particular analysis. Meanwhile, SCC0072 

appears unique both on the heatmap and in the PCA plot. This difference is further 

depicted by its unique position on the clustergram.  

Simple comparisons between the HPV+ and HPV- cells, or TERT compared to the 

OPSCC cell lines identified many microRNAs to be more than two-fold differentially 

expressed (Figure 5.4). The major caveat to these simple comparisons is that because the 

Hy3 signal from the two cell lines in each group were averaged together in order to 

calculate a log fold change between the two groups, there were significant skewing 

effects if a single cell line over or under expressed a particular microRNA. Therefore the 

calculated fold changes provided in the Exiqon report were difficult to understand in 

interpreting the effects of HPV. For example, the Exiqon report identified miR-205 and 

miR-203 to be associated with logFC values of >3.5 or actual fold changes of ~16 to 11.5 

fold in comparing the two HPV+ with the two HPV- OPSCC cell lines, however when 

assessing the raw data, it is clear that the skewing of this fold change was significantly 

effected by incredibly low expression of these two microRNAs by the SCC072 cell line, 

at least compared to reference, or pooled, RNA (Table 5.3). Moreover, when comparing 

the Hy3 value for miR-205 and miR-203 between each of the 4 cell lines individually, it 

is clear that there is no correlation whatsoever to HPV status. Instead, the significant fold 

change is simply a reflection of the skewing effects of SCC072. This trend was observed 

with a number of other microRNAs depicted by the Exiqon report to have significant fold 

changes in association with HPV status. Therefore, a more focused and precise 

assessment of the data was performed.  

First, we asked if there were opposite or diametric patterns of fold changes when 
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HPV was the independent variable. We reasoned that if a particular microRNA was being 

mechanistically dysregulated by HPV or that its direction of fold-change were correlated 

to HPV status, that it may be underexpressed in the HTE to HPV- comparison and 

overexpressed in the HPV+ to HPV- and the HPV+ to HTE comparisons, with the 

conjugate pattern also being equally possible. This comparison is depicted as a ‘grouped 

comparison’ and shows a number of microRNAs with a pattern potentially suggestive of 

an HPV-mediated mechanism (Figure 5.5 & Figure 5.6).  

Next, the raw data was reviewed and assessed for patterns of Hy3 signals that were 

consistent within the HPV groups but different when comparing the HPV+ to HPV- 

groups. The first microRNA that reflected this pattern was miR-320a. Interestingly, this 

observation was made with the Exiqon dataset prior to the analysis being complete for the 

FFPE dataset. Although the microarray pattern is subtle, with a calculated fold-change of 

0.476 and actual fold change 1.775, it appears to have similar expression patterns in both 

HPV+ cell lines, and lower but similar expression patterns in both HPV- cell lines (Table 

5.4). Therefore, the raw data was assessed for microRNAs with similar patterns of 

expression. Most of the microRNAs associated with fold changes according to Exiqon 

did not show consistency across the HPV groups. The resulting figures depict microarray 

data showing microRNAs with expression patterns consistent within the HPV groups. In 

these analyses, there were 10 microRNAs that had positive Hy-3 signals in HPV+ cell 

lines and negative values in HPV- cell lines (Figure 5.7). Fewer microRNAs were 

consistently repressed in both HPV+ cell lines (Figure 5.8). These data were interpreted 

parsimoniously, and at the time were simply used to help choose microRNAs for PCR-

based validation that follows.  



 187 

 

5.3.2   qPCR validation  

Based on the 7 microRNAs implicated in the FFPE dataset (Chapter 3) and the 

analysis of the microarray data, validation studies were performed on a series of eight 

oropharyngeal squamous cell carcinoma cell lines (4 HPV+ and 4 HPV-). Three technical 

replicates of each cell line were included in the PCR experiments in order to increase 

statistical confidence that any changes in microRNA expression are not due to 

experimental variability but instead, reflective of biological reality. Eighteen microRNAs 

were chosen for validation based on their expression patterns in tumor samples, 

microarray data, and support in the literature. Thirteen of these were hypothesized to be 

upregulated in HPV+ tumor cell lines and 5 microRNAs were hypothesized to be 

downregulated relative to HPV- tumor cell lines.  

Four candidate endogenous control genes to utilize as house-keepers for establishing 

fold-changes of our genes of interest were selected based on either their stability across 

FFPE samples or their general stability as stably expressed microRNAs. Indeed, effective 

data normalization can be achieved using a variety of endogenous controls, including 

sn/sno-RNAs or 18sRNA, however these are larger than microRNAs and may not extract 

with the same efficiency as microRNAs, thus may not be the best endogenous reference 

genes. MicroRNAs marketed to be reasonable endogenous controls solve this problem 

and given our results in the FFPE QC arrays showing stable expression of miR-191, miR-

16, and miR-21, we opted to include one of these as a candidate reference gene in this 

round of experiments. We also included three microRNAs that had been bio-
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informatically verified to be highly stable across our FFPE data set utilizing the geNorm 

algorithm. 

The results for these experiments show that there were no microRNAs that were 

consistently high or low in all of the HPV+ or HPV- cohorts (Figure 5.9-11). Further, 

there was significant variation across all of the cells with respect to each particular 

microRNA. The FFPE up-regulated panel (miR-320a, -222-3p, and 93-5p) were 

generally, but not exclusively, expressed at higher levels in the HPV+ compared to HPV- 

cells. MiR-9, miR-363, and miR-20b were included in these experiments due to the 

results from TCGA cohorts, microarray analysis, and implications in the literature (see 

Chapter 6). MiR-9 does appear to be positively correlated to HPV status, with the 

exception of the SCC200 cell line (Figure 5.9).  

The FFPE down-regulated panel (Figure 5.10) shows low expression of miR-199 

across all HPV+ cell lines, but only one HPV- cell line with high expression. While, 

miR-126 showed more HPV- cell lines with higher expression compared to positive. The 

data for miR-145 and miR-143 implicated SCC036 as a peculiar cell line, since, based on 

the FFPE profiling, these two microRNAs would have been predicted to be low in HPV+ 

samples and higher in HPV-. Based on this, and the observation that the results for the 

other PCR experiments with SCC036 show that this cell line is often distinct from the 

other three HPV+ cell lines (SCC200, SCC090, and SCC152), experiments were 

conducted to confirm transcriptionally active virus in SCC036. In these experiments, E6 

and E7 mRNA was quantified by q-RT-PCR, the results of which confirmed the HPV 

status of all cell lines--with the exception of SCC036; which, was negative for both E6 

and E7 (data not shown) (results of 3 individual experiments).  Given that this was the 
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only cell line to express miR-145 and miR-143, two co-transcribed microRNAs with 

implications of miR-145 as having a role in reducing HPV-31 genome amplification and 

late gene expression (Gunasekharan 2013), it would be interesting to assess the integrated 

or episomal status of viral DNA and if inhibition of miR-145 affects viral transcription. It 

should also be noted that SCC036 harbors the 11q13 amplification, a relatively 

uncommon occurrence in HPV+ tumors, with one study (n=30 HPV+ patients) reporting 

an adjusted odds ratio of 0.2, 95% CI: [0.1-0.6], for co-occurrence of HPV DNA with 

11q13amp (Ragin 2006). SCC036 also has the highest level of miR-203a expression 

(Figure 5.11). This was an interesting observation because miR-203 is normally induced 

in a differentiation dependent manner and suppresses translation of p63, a protein 

required for normal epithelial development (Park et al. 2013). But in the context of an 

HPV infection, there appears to be a relationship between E7 and miR-203a, where E7 

indirectly downregulates miR-203a and induced expression of miR-203 impairs genome 

amplification; raising some possibility that miR-203a may play a role in suppressing 

HPV genome amplification in this cell line (Melar-New 2010).  

A number of microRNAs in these experiments do not appear correlated to HPV status 

(Figure 5.11). Based on their expression pattern and roles described in the literature, they 

may be related to squamous differentiation or tumor development.  

 

5.3.3 Interrogation of microRNA targets 

Experiments investigating functional targets of HPV-correlated microRNAs are 

ongoing. Early results are presented in Figure 5.12 and Figure 5.13. These studies are 
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prioritizing targets of miR-9, miR-106b~25, and miR-199 since these show the strongest 

correlations in human tissues cohorts.  

The first series of experiments assessed a literature supported miR-9 target: E-

cadherin (Ma et al 2010). Increased miR-9 expression has been observed in breast cancer 

lines with metastatic potential in vivo and in primary breast tumor samples from 

metastasis-positive patients. Because lymph node metastasis is extremely common in 

patients with HPV+OPSCC, and increased miR-9 levels in HPV+ relative to HPV- 

OPSCC were observed in TCGA Cohort 1, and TCGA Cohort 2, we asked if there was a 

relationship between miR-9 expression and E-cadherin expression in OPSCC. To address 

this, we assessed protein expression of E-cadherin in a panel of OPSCC cell lines with 

known HPV status and miR-9 expression. Evaluation of E-cadherin using both western 

blots (Figure 5.12) and immunofluorescence analysis (Figure 5.13) showed similar E-

cadherin expression levels regardless of miR-9 or HPV status. Therefore other 

experiments addressing the phenotypic consequences of high miR-9 are currently 

ongoing.  

 

5.3.4 Proteomics 

In order to globally address the consequences of microRNA pertubations in the 

context of HPV infection in OPSCC, we have begun a group of studies utilizing 

quantitative proteomics (LC/MS with spectral counting). Preliminary proteomic profiling 

has been performed on 6 OPSCC cell lines and comparative relative expression analyses 

performed for the HTE E6/E7 vs HTE TERT cell lines (Figure 5.14, Table 5.5, Table 
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5.6). These data will serve as baseline controls for comparisons to miR-modified OPSCC 

cell lines.  

Slebos et al., have addressed the proteomic consequences of an HPV infection in  

clinical specimens from a panel of ten HPV+, ten HPV-, and ten normal oral epithelium 

tissue samples (Slebos et al. 2013). Consistent with published transcriptomic analyses 

(Pyeon et al. 2007), their results demonstrate HPV+ OPSCC is associated with 

enrichment of proteins involved in cell cycle control and DNA replication, as well as 

high levels of the nitrogen processing, urea-cycle enzyme, argininosuccinate synthase 1. 

While HPV- OPSCC tumors show enrichment of proteins involved in extracellular 

matrix organization, keratinization, and cell development. The preliminary results of our 

cell-line based analyses of HTE cells confirm an upregulation of proteins involved in 

nitrogen metabolism in the E6/E7 expressing cell line, including creatine kinase U-type, 

mitochondrial & creatine kinase B-type (Table 5.5). Qualitatively, there was general 

trend of the ubiquitin-proteasome machinery being differentially expressed. There is also 

a striking upregulation of interferon-induced antiviral immune proteins including STAT1, 

interferon-induced GTP-binding protein Mx1, and ubiquitin-like protein ISG15 (Table 

5.5). Although these data are preliminary and require confirmation, the finding of 

upregulated STAT1 at the protein level in E6/E7 expressing cells is provocative, as it has 

been shown to be selectively suppressed at the level of transcription by E6/E7 (Hong et 

al. 2011). Thus, future efforts will focus on validating these findings as well as 

performing similar analyses in cell lines with modified miR-9, miR-106b~25, or miR-199 

expression in order to comprehensively asses microRNA targets at the translational level. 
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5.3.5 Human tissue cohort validation 

Representative staining patterns for four tumor cores are shown in Figures 5.16 and 

5.17. Representative control negative control tissue (liver) is represented in Figure 5.15 

as well as a single core stained for the positive control probe U6. In general, all three 

microRNAs were tumor specific, although all basal keratinocytes had weak to moderate 

punctate signal. Of the control tissues (liver, thyroid, and small bowel) only crypt 

enterocytes showed strong or moderate signal, while any lymphocytes present in either 

the control tissues or the tumor cores showed moderate signal for miR-9. miR-106b and 

miR-199 also were dateable in lymphocytes, although to a lesser degree. Of the three 

probes, miR-9 appeared to have the least number of tissue cores with ambiguous staining, 

i.e. if there were a simply binary system of postive vs negative, then miR-9 would have 

been easier to score compared to the other probes. Unfortunately, it was not possible to 

include a full analysis of the ISH results in this dissertation, as our efforts to model the 

results according to HPV status are ongoing.  
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Table 5.1: Cell lines available for experiments that follow. Cell line identification according 
to anatomical site (source) and HPV status as determined using nested real-time PCR with consensus 
primers for the L1 sequence of the HPV genome, performed by White et al 2007. Asterix indicates cell line 
was used for microarray analysis. SCC036 was later shown to be negative for E6/E7 mRNA. 

Cell Line Source HPV Status 

*HTE21505 clone 
D 

tonsillar epithelium, TERT 
immortalized 

Negative 

*HTE21505 tonsillar epithelium,  HPV16 E6/E7 
transfected 

Positive 

*SCC003 Oropharynx Negative 

*SCC072 Oropharynx Negative 

*SCC090 Oropharynx Positive 

*SCC200 Oropharynx Positive 

SCC036 Oropharynx Positive(neg) 

SCC152 
 

Hypopharynx Positive 

SCC040 Tongue Negative 

SCC089 Oropharynx Negative 

SCC103 Tongue Negative 
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Table 5.2: Associated clinical data for cell lines. The age, gender, and available 
clinicopathological characterization of patients’ tumors from which the cell lines were harvested are shown. 
The clinical histories for each patient and subsequent analysis for 11q13 amplification, TP53 status when 
available (the codon which contains the mutation is specified) and HPV status were previously reported by 
White et al. 2007 & Ragin et al. 2006 (See methods). NP= new primary, R=recurrent disease. BOT= base 
of tongue, TON= tonsils, HYPO=hypopharynx 
 

ID Age 

G
ender 

Ethnicity 

Sm
oking 

E
tO

H
 

Fam
ily H

x 

NP/R Site 

G
rade 

Path 
Stage 

11q13 
amp. p53  

H
PV

+ 

SCC090 46 M Caucasian Y Y Y R BOT 3 T2N0 N WT + 

SCC200 74 M Caucasian Y Y N NP TON 1 T2N2B N - + 

SCC036 56 M Caucasian Y Y N NP TON 2 T3N1 Y  + 

SCC152 47 - - - - - R 
(scc090) HYPO 2  N WT + 

SCC003
* 65 F Caucasian Y Y N NP TONS 1 T1N0 Y - - 

SCC072
* 61 F Caucasian Y Y Y NP TONS 2 T2N2B Y mut 

179 - 

SCC089 58 M Caucasian Y Y N NP TONS 2 T4N2B Y - - 

SCC103 27 F Caucasian Y N N NP TONG 1 T1N0 Y mut 
306 - 
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Figure 5.1: Exiqon “Pick & Mix” Custom PCR plates. The custom layout of the PCR plates 
used for validation allowed for testing technical replicates (x3) for each cell line.  

 
Figure 5.2: Principle component analysis (PCA) plot for Exiqon microarray 
experiments. The top 50 microRNAs with the largest variation across all 6 individual microarray chips 
(1 sample cell line compared to pooled reference microRNA from all 6 cell lines) are used to create this 
overview of how the samples cluster based on the variance associated with these particular microRNAs. If 
the biological differences between the samples are pronounced, then this should be detected as a primary 
component of the variation and leads to separation of samples into different regions of the PCA plot. The 
Exiqon report included the following plot based on the normalized log ratio values. The features were 
shifted to be zero centered, (i.e. the mean value across samples is shifted to 0) and scaled to have unit 
variance (i.e. the variance across samples is scaled to 1) before the analysis. The two transformed tonsillar 
epithelial cells (termed ‘TERT cells’ in legend) clearly cluster away from the OPSCC tumor cells, 
suggesting that the difference between normal vs malignant supercedes differences based on the pathway to 
malignancy (i.e., HPV vs other factors).  
  
 
 
 



 196 

 
Figure 5.3: Heatmap and Dendrogram for cell line microarray experiments. The 
results from the 6 microarray experiments are depicted by two-way hierarchical clustering of the samples 
(columns) and top 50 microRNAs with the highest standard deviation (rows) using the complete-linkage 
method and euclidan distance measure (by Exiqon). The color scale illustrates the relative expression level, 
with red representing an expression level below the reference channel, and green—expression higher than 
the reference.  The E6/E7 and TERT immortalized normal tonsillar epithelial samples are clearly 
distinguished from the OPSCC samples, but the differences between the HPV groups do not appear robust. 
The ‘+’ and ‘-‘ indicate HPV status for the four OPSCC cell lines. 
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Figure 5.4: Bar plot depicting 2 HPV+ vs 2 HPV- OPSCC cell lines. The plot shows 
differentially expressed microRNAs where the absolute value of the log fold change is larger than 1, ranked 
according to the absolute value of the fold change (log2) comparing SCC090 and SCC200 (HPV+) to 
SCC003 and SCC072 (HPV-). Positive logFC values extend to the right and represent increased expression 
in the HPV+ cell lines, while negative logFC values extend to the left and indicate reduced expression in 
HPV+ or increased expression in HPV-.  
 
Table 5.3: Example of skewing effect created by SCC072. The calculated fold change 
averages the two HPV+ and two HPV- samples together. However the raw data for the four cell lines 
indicated in the table shows that relative to the reference channel, SCC072 is associated with low or absent 
expression of the microRNAs indicated in red. This trend was observed with a number of other microRNAs 
depicted by the Exiqon report to have significant fold changes in association with HPV status. Therefore, a 
more focused and precise assessment of the data was performed 

  HPV- HPV- HPV+ HPV+ 
Annotation logFC SCC003 SCC072 SCC090 SCC200 
hsa-miR-205-5p 3.989 0.602 -7.440 0.485 0.656 
hsa-miR-203a 3.528 0.030 -5.869 1.635 -0.419 
hsa-miR-141-3p 3.310 -0.267 -4.823 1.222 0.309 
hsa-miR-200c-3p 3.145 -0.089 -4.928 1.078 0.194 
hsa-miR-200a-3p 2.863 -0.065 -4.977 1.238 -0.554 
hsa-miR-200b-3p 2.248 0.200 -4.197 1.293 -0.794 
hsa-miR-31-5p -3.523 0.318 -0.533 -1.934 -5.327 
hsa-miR-31-3p -2.857 0.240 -0.412 -1.882 -4.003 
hsa-miR-455-3p -2.342 0.537 0.678 -2.664 -0.804 
hsa-miR-199a-3p/hsa-miR-199b-3p -2.304 -2.423 2.422 -2.511 -2.099 
hsa-miR-3182 -2.084 0.046 0.225 -4.170 0.274 
hsa-miR-100-5p -1.843 -2.485 1.708 -4.407 -0.056 
hsa-miR-455-5p -1.462 0.446 0.547 -1.491 -0.441 
hsa-miR-99a-5p -1.309 -1.296 1.595 -1.855 -0.464 
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Figure 5.5: Assessment for similar patterns of fold change according to HPV status. 
For each microRNA on the x-axis, there are three bars representing fold changes (log2) for the comparison 
indicated in the figure legend.  These microRNAs were observed to have diametric directions of fold 
change when comparing the influence of HPV, suggesting a potential influence of HPV status on the over- 
or under- expression of a particular microRNA. miRs -371b, 205-5p, -214, -199a, -363, -9 appear to be 
potentially correlated to HPV status.  
 

 
Figure 5.6: Fold changes for miR-9 and miR-199 according to grouping based on 
the presence or absence of HPV. Because the information provided by the microarray analysis was 
limited, the data was assessed for patterns that would support an up- or down-regulation of a particular 
microRNA according to HPV status. The pattern of fold-change for miR-9 (left) show positive fold 
changes when HPV+ cell lines are compared to HPV-, suggesting a potential mechanistic link between 
miR-9 expression and HPV status in the two OPSCC cell lines. The inverse relationship is shown for miR-
199, possibly confirming downregulation of miR-199 in HPV+ cells.  
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Table 5.4: miR-320 family shows subtle differences in Hy3 signal according to HPV 
status. Each of the HPV- cell lines is associated with a negative Hy3 signal intensity for this group of 
microRNAs, in contrast to positive signal intensities for the two HPV+ cell lines.  

  HPV- HPV- HPV+ HPV+ 
Annotation logFC SCC003 SCC072 SCC090 SCC200 
hsa-miR-320a 0.476 -0.435 -0.037 0.246 0.233 
hsa-miR-320b 0.519 -0.449 -0.132 0.268 0.189 
hsa-miR-320c 0.520 -0.518 -0.170 0.221 0.131 
hsa-miR-320d 0.405 -0.442 -0.087 0.127 0.153 
hsa-miR-320e 0.455 -0.597 -0.111 0.071 0.131 

 

 
Figure 5.7: Ten microRNAs with higher expression levels in HPV+ relative to HPV- 
cell lines. Microarray Hy3 data for each cell line’s signal intensity are plotted for the respective 
microRNAs showing the HPV+ cells (filled circles) above zero and the HPV- cells (open circles) below 
zero. This suggests a potential association between HPV status and upregulation of these microRNAs  

 
Figure 5.8: Eight microRNAs potentially downregulated in HPV+ cell lines. 
Microarray data showing each cell line’s signal intensity for the indicated microRNA. The association 
between downregulation of particular microRNAs and HPV status appears less robust; HPV+ cells (filled 
circles) are consistently below zero and the HPV- cells (open circles) are both above and below zero.  
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Figure 5.9: PCR validation experiments show inconsistencies in microRNA 
expression according to HPV status. The expression of three upregulated microRNAs from the 
FFPE panel plus miR-9, miR-363, and miR-20b were determined by qRT-PCR (y-axis, relative expression) 
in multiple independent OPSCC cell lines (x-axis, ‘+’ and ‘-‘ denoting HPV E6/E7 mRNA expression). 
None of the microRNAs from these studies were consistently upregulated in all three HPV+ cell lines 
relative to the HPV- cell lines. Results are the mean of three experiments.  
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Figure 5.10: HPV+ downregulated FFPE panel. The expression of four downregulated 
microRNAs from the FFPE panel were determined by qRT-PCR (y-axis, relative expression) in multiple 
independent OPSCC cell lines (x-axis, ‘+’ and ‘-‘ denoting HPV E6/E7 mRNA expression). The cell lines 
are not concordant with the human tissue cohorts, as only miR-126 appears to be expressed at increased 
levels in HPV- cell lines compared to HPV+. The results are the mean of three experiments. 
 

 
  

 
Figure 5.11: MicroRNAs without strong correlations to HPV status. Based on results 
from the microarray experiments, the expression of the indicated microRNAs were determined as in above 
figures. None of the microRNAs show clear patterns associated with HPV status. The results are the mean 
of three experiments. 
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A.        

 
B.  

 
 

Figure 5.12: Correlation studies for mature miR-9 transcript and E-cadherin 
protein expression. (A) PCR results (mean of three experiments) for seven SCC cell lines showing 
expression level of mature miR-9. (B) Three western blots utilizing three different antibodies for E-
cadherin expression, show no direct correlation between miR-9 levels (A) and protein expression (B). 
Antibodies for E-Cadherin: BD #610181 Clone 36 – C-terminal region (top), Zymed #13-700 Clone 
HECD1 (middle), and Zymed #33-4000 Clone 4A2C7 Cytoplasmic domain (bottom). 
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     A.       B.  

 
  
C. 

 
 
 
Figure 5.13: Beta-catenin cellular localization analysis by immunofluorescence. Two 
OPSCC cell lines with different HPV-status and miR-9 expression were assessed for consequences 
associated with miR-9 targeting of E-cadherin. The fluorescein isothiocyanate (FITC) specific staining 
pattern (green, panel A) appears membranous for both cell lines. Panel B shows nuclear 4',6-diamidino-2-
phenylindole (DAPI) staining for nuclei. Merged images in panel C demonstrate that B-catenin expression 
is predominantly membranous in both SCC003 (low miR9) and SCC090 (high miR-9); therefore 
suggesting that E-cadherin is associating with membranous B-catenin and that E-cadherin repression is not 
the phenotypic consequence of high miR-9 expression. Brightness indicated with ‘+’ sign and scale bar for 
all images = 200µm 
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Figure 5.14: Scatterplot of relative protein abundances of HTE clone D vs HTE 
21505. The proteins above or below the diagonal cluster represent peptide fragments unique to either the 
TERT immunortalized (clone D) or HPV E6/E7 immortalized (21505) human tonsillar epithelial cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 205 

Table 5.5: LC/MS results for proteins enriched in HTE E6/E7 cells relative to HTE 
TERT. All enriched proteins associated with FDR=1% and calculated posterior error probability (PEP) 
<0.01, which is a measurement of the probability of error for a single peptide-spectrum match (PSM). The 
ratio represents HPV E6/E7 cells over control HTE TERT. 

Name Ratio 
+/- Biological processes Cellular pathway 

Proactivator 
polypeptide (PSAP) 6 

PSAP is the lysosomal precursor of 
saposins, which serve as activators for 
lysosomal hydrolases involved in the 
degradation of ceramide (Cer) and other 
sphingolipids 
The Psap-encoding gene is amplified in a 
subset of prostate cancers (Kang 2010) 

Lysosomal function 
 

Signal transducer and 
activator of 

transcription 1-
alpha/beta (STAT1) 

6 

Mediates cellular responses to interferons 
(IFNs).  
Triggers anti-proliferative and pro-
apoptotic responses while enhancing anti-
tumor immunity. STAT1 is associated with 
an apoptosis pathway, while STAT3 is 
associated with tumorigenicity in various 
cancer cells 

Innate immunity 
 

Creatine kinase U-
type, mitochondrial 8 

Central role in energy transduction in 
tissues with large, fluctuating energy 
demands 
 

Cellular nitrogen 
metabolism and creatine 
metabolic processes 

Junctional adhesion 
molecule A (JAM-A) 

 

9 

Role in epithelial tight junction formation 
Identified as a cancer stem cell adhesion 
mechanism essential for self-renewal and 
tumor growth 

Cell Adhesion 
Epithelial cell 
differentiation 
Inflammatory response 
Leukocyte migration 
TGF-b receptor 
signaling pathway 

Ladinin-1 
(Lad-1) 9 

Anchoring filament protein which is a 
component of the basement membrane 
zone 

Actin cytoskeleton 
Basement membrane 

Acyl-protein 
thioesterase 1 14 Hydrolyzes fatty acids from S-acylated 

cysteine residues in proteins 
Fatty acid metabolism 

Creatine kinase B-
type 16 

Reversibly catalyzes the transfer of 
phosphate between ATP and various 
phosphogens  

Metabolism 

Interferon-induced 
GTP-binding protein 

Mx1 
18 

antiviral activity against a wide range of 
RNA viruses and some DNA viruses 

Antiviral defense 
Immunity 
Innate Immunity 

Ubiquitin-like protein 
ISG15 29 

Strongly induced upon exposure to type I 
interferons, viruses, LPS, and other 
stresses, including certain genotoxic 
stresses. 
 

Antiviral defense 
Host-virus interaction 
Innate Immunity 
Ubl conjugation 
pathway 

Filamin-C 
(FLNC) 54 

Cross-links actin filaments into dynamic 
orthogonal network 
 

Cell junction assembly 
Muscle fiber 
development 
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Table 5.6: LC/MS results for proteins reduced in HTE E6/E7 cells relative to HTE 
TERT. All enriched proteins associated with posterior error probability (PEP) <0.01, which is a 
measurement of the probability of error for a single peptide-spectrum match (PSM). The ratio represents 
HPV E6/E7 cells over control HTE TERT cells. 

Name Ratio 
+/- Biological processes  Cellular pathway 

Dihydropyrimidinase-
related protein 3 0.05 

 

axon guidance, neuronal growth cone 
collapse and cell migration 

Actin cross link 
formation 

Aminopeptidase N 0.09 
 

Aminopeptidase Glutathione metabolism 

Cysteine-rich protein 
2 0.10 

 

Complexes with histone acetyltransferases 
on histones H3 and H4. May function as a 
scaffold for the ATAC complex to 
promote ATAC complex stability.  

Cell cycle progression: 
G1 and G2/M phases of 
the cell cycle 

Dihydropyrimidinase-
related protein 2 0.11 

 

Plays a role in neuronal development and 
polarity 

Pyrimidine nucleobase 
catabolic processes 

Cytoplasmic dynein 1 
intermediate chain 2 

0.11 
 

Non-catalytic accessory component of the 
cytoplasmic dynein 1 complex--thought to 
be involved in linking dynein to cargos and 
to adapter proteins  

G2-M transition of 
mitotic cell cycle; 
microtubule-based 
process 

Leucyl-cystinyl 
aminopeptidase 0.11 

 

Degrades peptide hormones such as 
oxytocin, vasopressin and angiotensin II 

Protein catabolic 
processes; cell signaling 

Histone H2A.x 
0.12 

 

Variant histone H2A which replaces 
conventional H2A in a subset of 
nucleosomes 

Transcription regulation, 
DNA repair, DNA 
replication and 
chromosomal stability 

Sorting nexin-2 
0.13 

 

Component of the retromer complex, a 
complex required to retrieve lysosomal 
enzyme receptors (IGF2R and M6PR) 
from endosomes to the trans-Golgi 
network. 

intracellular trafficking 
 

Zinc finger protein 
185 0.13 

 

 Cellular proliferation 
and/or differentiation. 

AP-2 complex 
subunit alpha-1 0.17 

 

seems to play a role in the recycling of 
synaptic vesicle membranes from the 
presynaptic surface 

involved in clathrin-
dependent endocytosis 
 

Programmed cell 
death protein 5 0.17 

 

May function in the process of apoptosis. Positive regulation of 
apoptosis 

60S ribosomal protein 
L27a 0.17 

 

Ribonucleoprotein Nuclear transcribed 
mRNA catabolic process 

Periplakin 
0.20 

 

Component of the cornified envelope of 
keratinocytes. May link the cornified 
envelope to desmosomes and intermediate 
filaments. May act as a localization signal 
in PKB/AKT-mediated signaling 

Keratinization 

Desmosomal function 
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Figure 5.15: Representative negative (left hand images) and positive (right) controls. 
All TMA slides included sections of liver, small bowel, or thryoid. These tissues generally stained negative 
for each of the three microRNAs, suggesting that these microRNAs are tumor- or tissue-specific. In the left 
hand images, representative section of liver stained for miR-9 show absent signal in hepatocytes and weak 
positively in lymphocytes. The right hand images are representative tumor sections with diffusely positive 
in-situ hybridization (ISH) signal for the small nuclear ribonucleoprotein U6 (the positive control tissues 
were not counterstained). The ISH signal is represented by a deep purple color. The counter stain for all 
microRNA-probed tissues sections was nuclear fast red; therefore, purple coloration represents ISH signal 
and pink/red is the counterstain.  
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Figure 5.16: Low power images depicting ISH patterns for microRNA 9 in four 
OPSCC tissue cores. Four tumor tissue cores (TMA 12) depicting differential staining pattern for 
miR-9, with left hand images showing strong ISH signal and right hand images weak or absent signal. 

 
Figure 5.17: High power images depicting ISH patterns for microRNA 9 in four 
OPSCC tissue cores. Four tumor tissue cores (TMA 12) depicting differential staining pattern for 
miR-9. The left hand images demonstrate >75% of tumor cells with strong punctate and diffuse ISH signal. 
The right hand images represent two different staining patterns, that suggest low miR-9 expression in these 
tissues. The upper right panel represents <10% of tumor cells with weak or absent signal. The lower right 
panel shows 10-25% of tumor cells with weak/moderate punctate signal. 
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CHAPTER 6. SUMMARY, DISCUSSION, AND FUTURE DIRECTIONS 

 

6.1   SUMMARY OF FINDINGS 

As the overall objective of this study was to determine whether a distinct microRNA 

signature could differentiate HPV+ from HPV- OPSCC, we identified a cohort of FFPE 

human tissue samples for laser capture microdissection and PCR-based microRNA 

profiling. Twenty-three samples were successfully analyzed utilizing a unique model that 

controlled for smoking status and age. Based on these analyses, three individual 

sequences were upregulated in association with HPV status: miR-320a, miR-222-3p, and 

miR-93-5p; while miR-199a-3p//-199b-3p, miR-143, 145, and mir-126a were  

downregulated. Of the five published studies assessing HPV-correlated microRNAs, this 

is the first work to implement rigorous bioinformatic approaches in large-scale PCR 

experiments and to control for smoking status and age (Wald et al. 2011; Lajer et al. 

2011; Gao G et al. 2012; Lajer et al. 2012; Hui et al. 2013). This is the second but largest 

effort utilizing laser capture microdissection. Thus, the FFPE profile represents a tumor-

cell specific comparison as a function of HPV.  

Because there is often poor correlation in microRNA profiles between different 

studies and profiling methodologies, additional profiling and validation efforts were 

performed using next-generation-sequencing data from fresh-frozen human tissue 

samples. The Cancer Genome Atlas (TCGA) allowed for comprehensive microRNA 

expression profiling associated with 22 patients, 12 of whom were HPV+ and 12 HPV-. 

As a validation cohort, even without controlling for smoking or age in TCGA cohort 1, 

there was strong concordance (r=0.8) in the fold changes from the seven microRNAs 
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identified from FFPE experiments and the miRNA-seq data. The addition of TCGA 

cohort 2 (n=49, 20 HPV+ vs 29 HPV-) allowed for additional validation of the FFPE 

panel with fold changes correlating between datasets: Pearson's product-moment r=0.78. 

These are the first studies to validate microRNA profiles in HPV+OPSCC with next- 

generation sequencing. The validity and potential of microRNA profiles quantified via 

miRNAseq are demonstrated by the heat map of TCGA cohort 1, showing two distinct 

clusters of samples, one entirely HPV+ and the other mostly HPV- (Figure 4.5). Further, 

the TCGA datasets allowed for simple comparisons of mean expression levels across 

HPV+ or HPV- cohorts; strongly implicating miR-9 and members of the miR-106b~25 

cluster as upregulated in the context of HPV+ OPSCC tumors and miR-199 as 

downregulated in the majority of HPV- OPSCC. The expression of these three 

microRNAs were then assessed in expanded cohorts of cell lines via microarray and 

quantitative polymerase chain reaction analysis, as well as human tissue samples via in-

situ hybridization analysis.  

 

6.2   TECHNICAL DISCUSSION OF METHODS & CHALLENGES 

6.2.1 Considerations in working with FFPE 

The microRNA discovery approach for HPV+ OPSCC was based on performing 

molecular analyses of patient tissues that were fixed in formalin and preserved in 

paraffin. This project has provided insight into critical factors for retrieval of usable 

analytes from FFPE samples. All tissue samples for this project involved FFPE 

specimens, which although coded and de-identified, they still represented precious and 

limited tissue from real patients. These archived tissues represent a large collection of 
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pathological and normal specimens; however, it is important to be aware of some of the 

difficulties in purifying RNA (or likewise, DNA) from FFPE samples because failing to 

consider the effects of chemical modifications associated with FFPE samples can 

introduce considerable bias into profiling studies.  

The first major consideration is that formalin causes crosslinking of DNA, RNA, and 

proteins, the extent of which is dependent on the duration of formalin fixation. 

Overfixation can result in extensive crosslinking, which may impair extraction protocols. 

However, underfixation will lead to degradation of any biomolecules, a potential problem 

especially within deeper regions of thick specimens. As a general rule, formalin is 

thought to penetrate most tissues at a rate of 0.5-1 mm/hr, and overall penetration is 

usually directly related to tissue thickness. Thus, optimal thickness for tissue sections is 

around 3-5 mm with an area no larger than a postal-stamp if analytes are to be extracted 

and probed. In terms of fixation time, some sources suggest that 72-hr fixation periods 

are optimal, while others deem 24 hrs to be sufficient. In non-peer-reviewed information 

published in marketing materials from Qiagen, their scientists observed that 72-hr 

fixation resulted in problems with PCR amplification of large amplicons, likely a result of 

extensive crosslinking secondary to overfixation and possibly to larger degrees of 

irreversible cross linking. However, there were no differences in RNA integrity when 

comparing 24-hr to 72-hr fixation (Semmelmann 2012).  

Fragmentation of nucleic acids is also essentially guaranteed in working with FFPE 

samples. RNA is often heavily fragmented, which is problematic for mRNA gene 

expression analyses from FFPE. However, smaller RNAs have been shown in numerous 

studies to be surprisingly stable and intact in FFPE specimens even when independent of 
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fixation time and duration of tissue block storage (Doleshal et al. 2008; Xi et al. 2007). 

One study showed a high correlation between results of microRNA deep sequencing of 

FFPE samples stored for 2-9 years compared to matched frozen samples (Pearson’s r = 

0.71-0.95) (Meng et al. 2013). Indeed, in the clinical setting, this stability offers a distinct 

advantage for microRNA as an analyte. 

Lastly, purification processes and downstream analyses should be as efficient as 

possible simply because FFPE samples are precious due to the  limited amount of 

available tissue. This is reflected in the yields of RNA obtained from dissecting 

thousands of tumor cells. In order to obtain even very scant yields of RNA, up to 5 to 10 

sections of tissue must be cut at 8 to 10 microns as required. With these limitations in 

mind, prior to performing RNA extractions, the literature was searched to evaluate the 

relative efficiencies of the various commercially available microRNA extraction kits. The 

Qiagen FFPE easy kit utilized herein was shown in a systematic comparison of five 

commercially available kits to provide yields two- to threefold greater than three others 

included in the study (Doleshal et al. 2008). A second, unpublished study by the 

Genomics & Proteomics Core Laboratories and Clinical Genomics Facility at the 

University of Pittsburgh Cancer Institute compared small RNA enriching kits, PureLink 

(Invitrogen), MirVana (Ambion), miRNEasy (Qiagen) and Total RNA isolation kits, 

Trizol Reagent (Invitrogen), MirVana (Ambion), and miRNEasy (Qiagen). Notably, the 

Qiagen kit does not specifically enrich for small RNAs; however, they showed that of the 

methods tested, the Qiagen miRNeasy kit provided best recovery of small RNA 

sequences (Hollingshead et al. 2007). TRIzol isolations for miRNA should no longer be 

accepted; this assertion was supported when a recent paper submitted to Molecular Cell 
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was later retracted after the authors discovered that miRNAs with low GC content are 

selectively lost during sample preparation utilizing TRIzol. Their original work (Kim et 

al. 2011) had shown that miR-141, miR-29b, miR-21, miR-106b, miR-15a, and miR-34a 

were selectively destabilized depending on cell adhesion status; however, they later 

discovered that their results were due to specific loss of the microRNAs during RNA 

preparation using TRIzol. 

 

6.2.2 Laser capture microdissection 

Tumors are heterogenous populations of cells, all of which contribute to aspects of 

clinically relevant tumor biology. However, the fundamental unit of these complex 

tissues is the neoplastic cancer cells themselves. In order to assess cancer-cell-specific 

molecular biology, laser capture microdissection is a technique to isolate cancer cells 

from surrounding stroma cells with the use of a laser beam. Although crosstalk between 

tumor cells with various immune stromal cells is certainly biologically important, in 

order to simplify the system in this study, tumor cells were removed from their respective 

stroma via the Arcturus laser capture microdissection scope.   

This system was laborious and highly tedious, partially because conventional 

histology stains hamper gene expression analyses; hence, a proprietary stain specifically 

designed for RNA-based studies was utilized. This stain proved difficult due to the fact 

that  cytological features of most tissue sections were not readily apparent. Instead, 

overall tissue architecture was used to topographically scan tissue sections for large nests 

of tumor cells. A second hematoxylin and eosin stained slide from the same tissue block 

was used as a guide in order to identify nests or large groupings of tumor cells. Great care 
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was taken to dissect only sections that were unambiguous. As such, this may have 

introduced some degree of bias into the study, because the stain was difficult to interpret, 

which was even more difficult to analyze in poorly differentiated tumors. Therefore, it 

was exceedingly difficult to confidently isolate poorly differentiated tumors or tumors 

with large numbers of tumors infiltrating lymphocytes (TILs). Despite that, the tissue 

captured confidently represented almost entirely tumor cells.   

A caveat associated with this method is that it does not take into account the 

possibility that there is heterogeneity amongst tumor cells, e.g., it is possible that some 

HPV+ cancer cells contain more copies of the virus than others, and that this could affect 

microRNA.  

None of the data in this study allow for spatial or temporal assessments of HPV. 

Instead, all we know is that virtually all of the p16+ cases contain transcriptionally active 

HPV, and that the presence of transcriptionally active HPV is the most powerful 

biomarker currently available in head and neck pathology. To some extent, we are seeing 

the results of HPV transformed cells that have clonally expanded into clinically 

detectable lesions, and in the case of our study, most of the included p16+ cases were 

Stage IV and/or metastatic. The proliferative signals driving these tumors were once 

HPV, but it is an assumption that the proliferative signals continue to be HPV, especially 

in the context of HPV-mediated degradation of p53, which leads to hindered genome 

maintenance and repair mechanisms, two selectively advantageous properties for 

genomic instability and tumor progression. These caveats are mentioned as 

acknowledgements of the astounding and even awe-inspiring biological complexity of 

cancer.  
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6.2.3 Profiling technologies 

RNA yields from laser-captured specimens ranged from 46 to ~350 ng of total RNA 

per sample. For microRNA profiling, the amount and quality of RNA samples are 

important considerations and significantly limit the options available. MicroArrays 

require significantly more input RNA and generally have slightly lower specificity than 

qRT-PCR (Pritchard et al. 2012). They also are suboptimal for absolute quantification 

studies. RNAseq is highly accurate in distinguishing very similar microRNAs; however, 

there is substantial computational support needed for analyses. In order to profile samples 

from low total RNA yields with significant amounts of degraded RNA present, we 

utilized a PCR profiling system commercially available from Qiagen. A number of 

vendors provide global PCR array systems with differences existing both in first strand 

cDNA synthesis and primer design. Each commercially available global- PCR array 

vendor claims that their systems are highly sensitive and specific for some of the unique 

considerations of studying microRNA.  

One of these considerations is the ability to discriminate mature 19-22 nt microRNAs, 

from preliminary or primary microRNA transcripts with each containing the same 

sequence, thereby making sequence specific primer design challenging. Therefore, most 

mature-strand specific PCR technologies are based on unique reverse transcription 

reactions that essentially serve to capture small RNAs and add some form of nucleotide 

sequence to which reverse primers can be designed to the 3' end of mature microRNA. 

TaqMan qRT-PCR reactions utilize stem-loop primers that are specific to the 3' end of 

the microRNA. While SYBR-green based qRT-PCR systems add poly-A tails to the 

mature microRNA template; cDNA is then synthesized along with the utilization of a 
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poly-T primer. From there, the real-time detection of PCR amplification differs 

depending on the TaqMan or the SYBR green system. For microRNA specific Taqman 

assays, the flurogenic probe used to detect accumulating amplicons is linked to the 5' end 

of probes, while the 3' end of the probe binds to the minor groove (MGB) and contains a 

non-fluorescent quencher (Chen et al. 2005). When the probe is intact, the quencher 

suppresses the reporter fluorescence. During primer-directed polymerization, the Taqman 

DNA polymerase cleaves hybridized probes, resulting in the separation of the quencher 

from the fluorogenic probe and increased fluorescence by the reporter. However, because 

the Taqman MGB probe is located between the forward and reverse primer, some believe 

that this is problematic when attempting to accurately detect small amplicons such as 

microRNAs.  

Both Qiagen and Exiqon, two commercial companies who have invested considerably 

in microRNA research, eschew Taqman-based RT-PCR systems in favor of SYBR green 

assays developed largely based on the work of Peter Busk and colleagues (Balcells et al. 

2011). In the case of SYBR-green based assays, SYBR-green dye binds to double 

stranded DNA as it accumulates during PCR cycling. Qiagen’s system is engineered to 

enzymatically add poly-A tails immediately prior to the reverse transcription. The primer 

assays are then based on utilizing a portion of the poly-A tail as a reverse primer and on 

15-22 nt primers that are specific to miRNAs as the forward primer. The addition of the 

DNA tail to primers allows for optimizing annealing temperatures (Balcells et al. 2011). 

In the original work describing this method, the authors showed that LNA primers 

(Exiqon) had a tendency to exhibit low amplification efficiencies, while the DNA primers 

provide significantly higher amplification efficiencies. Although Qiagen does not 
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disclose their technology, it is reasonable to speculate that the primers in their miScript 

miRNA assays are indeed DNA-based primers, and that the design of their assays utilizes 

a great deal of what was shown in the Balcells et al. study. Assuming that both Qiagen 

and Exiqon have utilized some of the principles demonstrated in the Balcells et al. (2011) 

paper, it is reasonable to assume that the miRnome panels in this study have the ability to 

discriminate between microRNAs with single nucleotide differences. However, it is 

important to note that the commercially available PCR systems, be they Taqman or 

SYBR-green based, are difficult to compare in terms of their specificity and that no 

system is perfect. 

The major limitation of the Qiagen PCR profiling plates was that only a certain 

number of samples could be processed per day, and miRnome assays for a single patient 

sample would be divided between three 384-well plates. 

 

6.2.4 Preamplification 

The results of the PCR arrays for the eight nonpreamplified samples were reflective 

of some of the technical challenges involved in high-throughput microRNA expression 

analysis from FFPE samples. In assessing the raw data, it was clearly apparent that there 

was a very high percentage of no-calls, i.e. Ct>40 on the whole miRNome arrays. The 

results in chapter 3 indicate significantly improved signal detection with a 

preamplification step.  

Prior to preamplifying RNA samples, the literature was searched for studies 

evaluating potential bias introduced by a preamplification step. Chen et al. (2009) 

demonstrated that, as would be expected, preamplification of mircroRNA synthesized 
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cDNA and improved sensitivity of qPCR arrays. Additionally, relative expression levels 

of microRNAs were maintained after preamplification (Chen et al. 2009). The authors did 

note that there is variability in preamplifcation of low-abundant miRNAs, but that 

systemic bias is minimal as a result of this. Additionally, figures from experiments 

performed by Qiagen (the manufacturer of the PCR arrays, preamplification kit, first-

strand synthesis kit, and the RNA extraction kit) showed high correlations, r = .9563 & 

.9228 in fold change in 96-well or 384-well PCR array formats between preamplified and 

nonpreamplified RNA from the same sources. Based on this information, RNA from 

laser-captured OPSCC cases underwent preamplification prior PCR array experiments, 

dramatically increasing the call rates. 

 

6.3   HPV-ASSOCIATED MICRORNA PROFILE: DISCUSSION AND 

FUTURE DIRECTIONS 

6.3.1 HPV-correlated microRNAs 

The incidence rates for HPV+OPSCC have increased dramatically from 1988 to 2004 

from 0.8 per 100,000 to 2.6 per 100,000, an increase of 225% (Chaturvedi et al. 2011).  

In striking contrast, in the same time period, HPV-negative cancers have declined 50%. 

These trends are also apparent internationally (Chaturvedi 2012) with studies from 

Australia, Canada, Denmark, England, Japan, and Norway all showing increased 

incidence trends for OPSCC and decreased incidence for other head and neck cancers 

including oral cavity cancers. Thus, it is of great interest to identify specific upregulated 

microRNAs characteristic of an oncogenic HPV infection of the head and neck, as these 

microRNAs may represent novel diagnostic/prognostic biomarkers and may provide a 
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more detailed understanding of the molecular pathogenesis of the disease. The studies 

presented herein provide microRNA profiles of three independent cohorts of HPV+ 

OPSCC patients, which were performed with PCR arrays and next-generation deep 

sequencing. Comparative analysis of these cohorts strongly supports an HPV-associated 

upregulation of miR-9, and members of the miR-106b~25 cluster and downregulation of 

miR-199-1. The data for miR-320a, miR-222, miR-145, miR-143, and miR-126 are 

slightly less consistent, although the addition of these microRNAs to an HPV-correlated 

panel would be reasonable based on current data.  

In contrast to cervical cancer, wherein integration of HPV into host genomic material 

is important and frequent, viral integration is not necessary for initiation of oncogenesis 

in head and neck cancers. Indeed, HPV+OPSCC varies with respect to the physical state 

of the HPV genome, and episomal HPV DNA appears to be a frequent occurrence in 

tonsillar carcinomas (Syrjänen 2004). The significance of this observation is not entirely 

understood, nor is it known whether viral load thresholds are important for 

carcinogenesis or if these thresholds are modulators of disease progression. However, 

similar to cervical cancer, transcriptionally active HPV is linked to the differentiation 

state of the host cell, and in some circumstances leads to aberrant cell proliferation and 

genomic instability that is thought to be due in part to mitotic spindle defects that result in 

cytogenetic abnormalities (Duensing et al. 2009). Therefore, the molecular mechanisms 

associated with microRNA disruption in HPV+ OPSCC are highly complex. Any one of 

a number of events could result in altered microRNA expression. For example, 

microRNAs could be suppressed due to aberrant DNA methylation, which may be 

characteristically increased in HPV+ disease relative to HPV- HNSCC, although others 
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report significant heterogeneity in DNA methylation within groups (Sartor et al. 2011; 

Johannsen 2013; Fertig et al.  2013). Chromosomal disruptions could either increase or 

decrease the transcription of a particular microRNA. Because an individual microRNA 

can affect hundreds to thousands of genes, many of these often lie in the same biological 

pathway (Lal et al 2011 and Mendell and Olson 2012). Thus, specific cellular pathways 

important for immune surveillance, mitogenic signaling or metabolism, which are 

integral for HPV infection and could also lead to typified microRNA expression. 

The fundamental mechanism associated with HPV+ disease is a disruption of cellular 

differentiation induced by the virus, wherein the cell is pushed towards resistance to 

growth inhibition, immune evasion, subversion of apoptosis, genomic instability, and 

ultimately dysregulated proliferation such that viral DNA can replicate in synchrony with 

chromosomal DNA. Until recently, it was thought that HPV does not encode its own 

microRNA, although this matter has been questioned recently by deep sequencing 

analysis in cervical cancer cell lines and FFPE tissues (Qian et al. 2013). Regardless, the 

biological significance of viral microRNAs has not been explored experimentally, and it 

is clear that their expression is quite low and/or inconsistent between clinical samples 

compared to host microRNAs. Most efforts to understand microRNAs in HPV biology 

have focused on identifying host microRNAs that are up- or down-modulated in 

association with HPV status compared to normal or HPV- disease, with the hypothesis 

being that viral gene expression is bolstered by induction or repression of host 

microRNAs downstream of HPV oncoproteins.  

There is a sound rationale for this inquiry based both on biological plausibility and in 

the utility of any potential findings. However, while several such studies have been 
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reported in the area of head and neck cancer, there has been a lack of consensus between 

studies (Wald et al. 2011; Lajer et al. 2011; Gao et al. 2012; Lajer et al. 2012; Hui et al. 

2013). This may be partially explained by the biological redundancy in microRNA 

function and because of the inherent genomic instability characteristic of HPV+ tumors. 

Additionally, differing methodologies of profiling and sample size have contributed to 

seemingly disparate results. Despite that, there are emerging common themes between 

the various studies as shown in Table 6.1, which summarizes those microRNAs 

identified in at least two independent studies including the current three patient cohorts. 

Table 6.2 shows similar information but is sorted according to HPV-correlated 

microRNAs identified in the studies herein, and provides information concerning 

chromosomal location as well as the relative strength of the literature support. Table 6.3 

depicts microRNAs that had not previously been implicated in other studies, but are 

implicated in one of the three datasets reported herein.  

A specific observation involving Tables 6.2 and 6.3 is that miR-20b shares 

significant sequence homology with miR-106b and miR-93 (Figure 6.1). Indeed, these 

microRNAs share the same seed sequence and are closely related to miR-363. These data 

may suggest that HPV+ tumors gain selective advantage when there is upregulation of 

one of these mature microRNA sequences. The TCGA deep sequencing data sets 

analyzed here add another dimension to available data on the expression of microRNAs 

shown to be statistically significant between HPV+ and HPV- disease, as normalized read 

counts provide information on the relative abundance of a specific microRNA. To this 

end, it is interesting to note that miR-363, which has been shown to be upregulated via 

microarray analysis in HPV+ disease by two independent studies, shows relatively low 
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expression overall (<50 RPM in HPV+ and HPV- cohorts), yet the fold change for this 

microRNA is quite high. Similar in this regard is the miR-20b, part of the same 

transcriptional unit and also previously reported as upregulated in HPV+ disease. 

Similarly, we observed upregulation of miR-20b (16- and 7-fold in TCGA cohorts 1 and 

2, respectively); however, it is also expressed at relatively low levels. In contrast, miR-

106b and members of the miR-106b~25 cluster are expressed at levels ~30-fold higher 

(Figure 6.2). The biological significance of these fold differences are unknown. These 

observations suggest the possibility of technical error in the microarray analysis, PCR 

primer design, or sequence alignment for miRNAseq, especially if miR-106b or miR-93 

could cross hybridize with probes or primers for miR-20b or miR-363 (or vice versa). 

The relative importance of the two clusters in HPV+ OPSCC should be addressed 

experimentally, as it is equally possible that the relatively low expressed miR-20b or 

miR-363 have important biological functions.  

In contrast to the findings of Hui et al. (2013), who found all three members of the 

miR-106b~25 cluster to be upregulated in OPSCC regardless of HPV status relative to 

normal tonsillar epithelium (n=88 vs n=7), our FFPE profile, TCGA Cohort 1, and 

TCGA Cohort 2 all suggest that members of this cluster are significantly greater in HPV+ 

OPSCC compared to HPV-. This is supported by in vitro experiments that sought to 

identify microRNAs altered as a function of HPV transfection. For these experiments, 

deep sequencing was performed on organotypic raft cultures derived from normal or 

HPV-31-transfected human foreskin keratinocytes isolated from the same donor 

(Gunasekharan et al. 2012). Small RNAs (<50 nt) were isolated and libraries prepared 

using the Ilumina library kit. Solexa deep sequencing was performed and the resulting 
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reads were matched to human or HPV reference genomes. The results of these 

experiments (Gunasekharan & Laimins 2013) demonstrated 2-3 fold upregulation of 

miR-106b and miR-25 in the HPV-transfected cultures relative to normal, which in the 

context of our human tumor data, strongly supports that these miRNAs are altered as a 

function of HPV oncoproteins. Additional support for an HPV-specific upregulation of 

miR-106b~25 and related cluster members comes from Table 6.4, which summarizes 

microRNAs dysregulated in HNSCC relative to normal aerodigestive-tract mucosa. 

Although these studies did specifically look at the influence of HPV, if miR-106b~25 

upregulation were a general phenomena of squamous cell carcinoma, then members of 

this cluster would surely appear in the table. Therefore, we believe HPV+ tumors gain 

selective advantage when there is upregulation of one of these mature microRNA 

sequences depicted in Figure 6.1. However it is also possible that upregulation of this 

cluster or closely related clusters are simply an ‘ineffectual’ byproduct of HPV-mediated 

host gene transcription analogous to p16 protein upregulation.  

 

6.3.2 miR-106b~25 

“MicroRNA families” are determined based on the same seed sequence and, thus, 

would be predicted to target overlapping sets of genes. miR-106b~25 and miR-106a~363 

are genomic paralogs of the miR-17~92 cluster, one of the best characterized groups of 

microRNAs in human cancer, with oncogenic function in lymphoma, multiple myeloma, 

medulloblastoma, lung, and colorectal cancer (Ventura et al. 2008; Mendell 2008). Both 

miR-106b~25 and miR-106a~363 are theorized to have evolved through a series of gene 

duplication and deletion events in vertebrates (Concepcion & Ventura 2012). 
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Interestingly, miR-106b, miR-93, and miR-20b are members of the miR-17 family, 

meaning that their seed sequence AAAGUG is identical to that of miR-17, 20a, 20b, 

106a, and 106b (Concepcion & Ventura 2012).  According to target prediction models, 

these microRNAs may have redundant function (Ventura et al. 2008). The term “clusters” 

is reflective of multiple microRNA genes being generated from a single polycistronic 

transcript, a genetic organization structure present for ~1/3 of human microRNAs. There 

is high conservation of microRNA clusters across species, suggesting selective pressure 

to maintain this type of organization for these genes (Concepcion & Ventura 2012). 

However, the biological implications of intra-cluster redundancy are not entirely 

understood, as clustering of microRNAs with similar seed sequences is highly conserved, 

which suggests that members of the same cluster with identical seed sequences may have 

functional importance.  

miR-106b~25 and/or miR-106a~363 cluster members appear sensitive for 

differentiating HPV+ from HPV- HNSCC, however the mechanistic basis for 

upregulation is not entirely clear.  Gene expression and proteomic analyses have shown 

that relative to HPV- HNSCC, HPV+ HNSCC and cervical cancers are characterized by 

upregulated expression of distinct and larger subsets of cell cycles, and DNA replication 

genes (Pyeon et al. 2007; Slebos et al. 2013). The transcription of miR-106b~25 is 

concurrent with the protein coding gene MCM7 as the genomic organization and primary 

transcript structure of the miR-106b cluster is within the 13th intron of MCM7 (Mendell 

2008). Indeed, MCM7 is a known RB/E2F target gene, and E2F family transcription 

factors may be paramount in mediating miR-106b~25 and MCM7 transcription 

(Thangavel  et al 2013). The MCM7 promoter has been experimentally demonstrated to 



 227 

have RB/E2F binding sites and mRNA expression has been shown to correlate with miR-

106b expression (Markey 2002). This is provocative since MCM7 has been proposed to 

be a protein biomarker that distinguishes between HPV+ and HPV- HNSCC (Stati et al. 

2006;  Zhang 2013). Thus, the miR-106b~25 cluster members may be sensitive for 

differentiating HPV+ from HPV- HNSCC as relatively increased expression of this 

cluster is highly characteristic of HPV+ tumors while HPV- HNSCC tumors appear to 

have lesser expression. Although, preliminary observations from microRNA ISH studies 

in expanded cohorts of HNSCC suggest that expression of miR-106b is detectable in 

HPV- disease. In retrospect, it would have been interesting to perform microRNA ISH 

with probes for the more lowly expressed miR-20b or miR-363, as these appear to be 

absent in some cases of HPV- disease (Figure 6.2). 

There is also considerable evidence that miR-106b~25 and its paralogs can act as 

bona fide oncogenes (oncomirs) with defined roles in overcoming TGF-beta mediated 

growth suppression as well as promoting TGF-beta signaling, cell cycle promotion, and 

increased cell survival (Petrocca et al. 2008; Smith et al. 2012). Indeed, it was recently 

reported that repression of MCM7 and miR-106b~25 expression was associated with a 

resultant induction of p21 and PTEN in breast cancer cell lines (Thangavel et al. 2013). 

The relationship of this cluster to PTEN was also investigated in prostate cancer cell lines 

and in human tissue microarrays. Results showed that all three of the miR-106b~25 

microRNAs cooperatively target PTEN, and that overexpression of this cluster has 

tumorigenic activity (Poliseno et al. 2010). In studies on global protein expression in 

neuroblastoma cells, miR-17~92 was shown to have cooperative effects between its 

individual microRNAs, and its expression-induced potent inhibition of multiple key 
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effectors along the TGF-β signaling cascade, in addition to direct inhibition of TGF-β 

responsive genes (Mestdagh et al. 2010).  

Another report showed increased expression of miR-106b~25 and miR-17~92 

microRNAs in retinoblastoma, a tumor type that shares interesting features with HPV+ 

tumors (Conkrite et al. 2011). This led to the hypothesis that in the context of genetic Rb 

loss, high miR-17~92 expression may circumvent the need for large numbers of genetic 

hits required for tumorigenesis. In this study miR-17~92 is shown to be a central node in 

the regulatory networks associated with Rb in the G1/S transition. After utilizing array-

CGH on DNA from human samples and assessing 32 human cases, copy number 

increases in miR-17~92 and miR-106b~25 were seen in only a very small fraction, 

suggesting that the increase is irrespective of genomic amplification. The authors go on to 

show that overexpression of miR-17~92 accelerates retinoblastoma development but 

leads to no detectable phenotype upon overexpression in normal retina cells, providing 

evidence of dramatic synergy between Rb loss and miR-17~92 expression. Their model, 

proposes that Rb loss leads to compensatory increases in the cell cycle inhibitor p21Cip1, 

which would feedback inhibit other Rb family members and facilitate inhibited cell 

proliferation. However, high miR-17 family member expression may allow for the 

evasion of this compensatory pathway via direct miR-17/20 targeting of p21Cip1. These 

results, if nothing else, point to the importance of context in microRNA oncogenic 

function since their data did not support a role of members of this family of clusters 

affecting PTEN, as had been shown in Myc-induced lymphoma. However, these results 

raise the possibility that our finding of miR-93, miR-106b, miR-20b, and miR-363 

overexpression in OPSCC tumors is playing a role in oncogenic activity instigated by the 
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main viral oncoproteins, E6, E7, and E5. Recently, a global analysis was published of 

microRNA expression patterns in 4,186 tumors and 334 normal tissue samples from 

TCGA in association with Argonaute Crosslinking Immunoprecipitation (AGO-CLIP) 

data for mRNA expression (Hamilton et al. 2013). The results of this study are beyond 

the scope of the current discussion; however, focusing specifically on microRNAs and 

genes that appear important in HNSCC, it seems that when miR-93, miR-17, or miR-

106a are expressed in HNSCC, they have the most powerful repressive effects on 

TGFBR2, although PTEN and ZBTB4 are also affected.  

For HPV+ OPSCC, it is interesting to speculate how upregulation of a microRNA of 

the miR-17 family (or a closely related seed sequence) could help tumor cells overcome 

the growth inhibiting effects of the TGF-ß. TGFBR2 and SMAD4 (Hamiliton et al. 2013; 

Guan 2010) are targeted by the miR-17 seed sequence, and this could synergize with E7-

mediated RB loss to inhibit p21Cip. Upregulation of miR-17 family members could also 

potentiate the PI3K/Akt/mTOR pathway by targeting PTEN (Molinolo 2012), or 

downmodulate a potent effector of the p53 signaling pathway ZBTB4 (Hamilton et al. 

2013). Indeed, it is known that HPV modulates these pathways, and that this modulation 

may have disease-risk or therapeutic implications. Activation of the mTOR pathway has 

been widely observed in both HPV+ and HPV- HNSCC cases (Molinolo 2012); however 

a molecular mechanism linking HPV expression and modulation of the TGF-beta or 

Akt/mTOR pathways is not entirely understood. Because upregulation of the miR-

106b~25 cluster is associated with PTEN inhibition, future studies will evaluate the 

potential functional link between these microRNAs and activation of Akt-mTOR 
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signaling. The potential targets and proposed models are shown in Table 6.5 and Figure 

6.3. 

 

6.3.3 miR-9 

Physiological miR-9 expression was first thought to be predominant in the nervous 

system, where it plays an important role in development (Leucht et al. 2008; Yuva-

Aydemir et al. 2011). It was later shown to be important in the pathology of solid tumors, 

where it has significant albeit complicated effects on metastatic potential by modulating 

E-cadherin expression; thereby acting in a cell-intrinsic manner to prime cancer cells for 

an epithelial-mesenchymal transition (EMT) and stimulate angiogenesis in breast cancer 

(Ma et al., 2010). The results from q-RT-PCR and protein expression using both western 

blots and immunofluorescence analysis showed similar E-cadherin expression levels 

regardless of miR-9 or HPV status. This was initially perplexing since there is a 7mer 

binding site in the 3’UTR of the CDH1 (E-cad) transcript that directly matches the seed 

sequence of miR-9. However, the relationship between epithelial and mesenchymal 

cadherins and HPV in the oropharynx is not entirely clear. Expression of E-cadherin is 

generally inversely correlated to prognosis in HNSCC, with early studies showing 

reduced E-cadherin to be an independent prognostic marker for metastasis and local 

recurrence (Bosch et al. 2005; Muller et al. 2008).  A recent study of 152 cases reported 

that the expression of E-cadherin is extensive in OPSCC with no correlation between E-

cadherin and HPV, nodal or distant metastasis, histopathological type, or survival (Ukpo  

et al., 2012). A second analysis of 102 HNSCC cases suggested that HPV+/p16+ tumors, 

all of which are from the oropharynx, express high levels of E-cadherin (p=0.003) and β-

catenin (p = 0.07) (Rampias et al. 2013).  Together these results indicate that high miR-9 
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in HPV+ OPSCC is not directly altering E-cadherin expression, suggesting that other 

functionally important miR-9 targets should be explored. Interestingly, miR-9 may 

modulate the microenvironment in HPV+ OPSCC, as there is compelling evidence that 

miR-9 is packaged into microvesicles and affects endothelial cell migration and 

angiogenesis (Zhuang et al. 2013).  

A tumor suppressive role has also been reported for miR-9 as decreased expression of 

this microRNA by DNA methylation appears to correlate to tumor progression or 

metastasis in multiple cancer types (Tsai et al. 2011). Intriguingly, the presence of 

methylation at the miR-9-1 and miR-9-3 promoter sites in oral and oropharyngeal SCC 

achieves combined sensitivities of 63% and 56%, respectively for detecting cancer 

(Minor et al. 2012). It also appears that methylation is associated with reduced expression 

of miR-9, which provides a potential explanation for low miR-9 expression in HPV- 

OPSCC. Functionally, restored expression of miR-9 after 5-aza treatment in UM-

SCC22A cell lines was associated with reduced proliferation and viability (Minor et al. 

2012).  In nasopharyngeal carcinoma, miR-9 expression is inversely correlated with 

clinical stage, and when it is ectopically expressed in NPC cell lines, it exhibits tumor 

suppressive effects by targeting CXCR4 (Lu et al. 2013). Plasma levels of miR-9 are 

much lower in NPC patients compared to normal controls and may be highly correlated 

to the TNM stage as plasma miR-9 levels distinguish locoregional from metastatic NPC 

(Lu et al. 2013). CXCR4 was also shown to be a target in oral cancer tissue sample, 

where underexpression of miR-9 relative to normal oral mucosa was observed and 

ectopic expression of miR-9 in cell lines reduced proliferation (Yu et al. 2013). In non-

small cell lung cancer, methylation of miR-9-3 is correlated to shorter DFS (HR=3.8; 
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95% CI, 1.3-11.2) and OS, also implicating a tumor suppressive role for this microRNA 

(Heller et al. 2012).  

Understanding the signaling pathways and biology of metastasis is an important area 

of investigation in HNSCC, and miR-9 may play a role in this process. White et al. 

(2013) showed that in a KRAS-activated and Smad4-deleted transgenic mouse model of 

SCC that develops lung metastasis, miR-9 is enriched in and contributes to the expansion 

of metastatic cancer stem cells. ISH studies also provided some interesting data where in 

tissue microarrays (TMAs) of primary HNSCC and a second TMA of lymph nodes 

containing metastatic SCC of various histologies revealed undetectable miR-9 expression 

in normal head and neck tissues, low to modest expression in primary HNSCC (13 out of 

63 or 21% positive), and increased expression in tissue cores from the SCC lymph node 

metastatic lesions of 67% (White et al 2013). Future research on elucidating the 

mechanisms that lead to overexpression of miR-9 has been recognized as a high priority 

in cancer diagnostics with a special focus needed to help increase understanding on how 

it can have anti-proliferative effects on the cell cycle, while being highly correlated to 

metastasis in animal models and clinical data (Zhu et al. 2012).  

Physiological miR-9 expression may play a role in tempering innate immune 

responses, as miR-9-1 located in the CROC-1 locus is upregulated in a MyD88 and NF-

kB dependent manner in neutrophils and monocytes as part of a negative feedback loop 

wherein the NF-kB transcipt is inhibited (Bazzoni et al. 2009). In cancer, there is limited 

evidence that miR-9 may be involved in modulating immunoregulatory genes, including 

MHC Class I and interferon regulated genes (Gao 2013).  Data surrounding miR-9 and 

adaptive immune response is also lacking. Nonetheless, the biology associated with 
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adaptive immune response in HPV+OPSCC is of particular interest and clinically 

relevant as these tumors are being considered for immune-checkpoint inhibitor therapy 

with anti-PD-1 or PD-L1 antibodies as well as adoptive cell transfer therapy (Pai 2013). 

It has also been shown that the majority of transcriptionally active HPV+ OPSCC tumors 

express PD-L1 (also called B7-H1), although the significance of this and its relevance to 

patient survival may be limited (Lyford-Pike et al. 2013; Ukpo et al. 2013). Thus, in light 

of strong upregulation of miR-9 in HPV+OPSCC vis-à-vis the implications that it may 

exert effects on the microenvironment, future studies are needed to correlate miR-9 

expression and the presence of immune infiltrates. Selected experimentally validated and 

predictated targets of miR-9 are presented in Table 6.5. 

 

6.3.4 miR-320a and miR-222 

Our analyses of laser-capture microdissected p16+ compared to p16- tumor cells 

implicate three statistically and highly significant microRNA species as upregulated in 

HPV+ tumors: miR-320a, miR-222-3p, and miR-93-5p. Compared to miR-93 it is more 

difficult to speculate on the functional significance of miR-222-3p and miR-320a 

upregulation in p16+ OPSCC. However, based on our findings, there is a strong 

correlation between upregulation of these microRNAs in comparing p16+ to p16- tumor 

cells. These targets were upregulated in TCGA Cohort 1 and 2, although they did not 

reach statistically significant levels when compared to HPV- OPSCC. It was also clear 

that comparing the miRNAseq validation data to the FFPE results, that miR-320a and 

miR-222 are expressed at low levels in OPSCC regardless of HPV status (Figure 4.2).  
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Little is known about the effects of miR-320 expression in cancer. The most elegant 

study showed miR-320 plays a role in modulating the microenvironment in breast cancer 

(Bronisz et al. 2012). It is well known that cancer associated fibroblasts contribute to 

malignancy, and recently it has become clear that both tumor specific and stroma-specific 

microRNAs regulate tumor microenvironment transcriptional programs. In the case of 

miR-320, loss of this miR in tumor fibroblasts appears to be crucial in affecting an 

oncogenic secretome that promotes tumor invasion and metastasis (Bronisz et al 2012). 

There is a paucity of studies evaluating the role of miR-320 in cancer cells and virtually 

none in squamous cell carcinomas, although it has been shown to be downregulated in 

prostate and colorectal cancer cell lines (Hsieh et al. 2013; Sun et al. 2012). According to 

these two groups, miR-320a inhibits β-catenin expression, and its overexpression 

decreases tumorigenesis in prostate cancer. In contrast, miR-320 was shown to be 

upregulated in leukemia cell lines after siRNA treatment against the oncogenic chimeric 

transcription factor TEL-AML1. The exact experiment and context is less important than 

their finding that miR-320 targets the mRNA for a protein called survivin, and that 

inverse correlations between survivin expression and miR-320 levels were validated in 

patient samples. Indeed, using Targetscan to predict targets, there is a sequence in the 3' 

UTR of survivin complementary to miR-320a. Multiple groups have shown that survivin 

expression is an unfavorable prognostic factor in various cancer types (Adida et al. 2000; 

Wurl et al. 2002). Survivin is an important anti-apoptotic protein that mediates the p53 

apoptotic pathway, and plays a central role in resistance to therapy in diverse tumor 

types, including HNSCC (Mirza et al. 2002; Khan et al. 2012). Interestingly, WT p53 

appears to silence survivin mRNA and protein expression, while transient overexpression 
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of survivin rescues cells from p53-dependent apoptosis (Mirza et al. 2002), although a 

defined mechanism linking p53 function to survivin expression is not entirely clear. A 

correlation also exists between high levels of survivin and loss of p53 in patients with Li-

Fraumeni syndrome, who have germline p53 mutations (Caldas et al. 2006). Based on our 

finding of high miR-320 expression and support in the literature showing miR-320 targets 

survivin, we assessed the literature to see if there were reports of high survivin expression 

in HPV- HNSCC. 

A multicenter retrospective study on 106 OPSCC patients published in 2008 showed 

that nuclear accumulation of survivin, as assessed by IHC, strongly correlates with HPV-

negative tumors and a poor disease-free survival rate (Preuss 2008).  This study also 

showed that p16 staining status and survivin expression were strong independent and 

opposing prognostic indicators of disease-free survival. Furthermore, survivin appears to 

be a key factor in cisplatin-resistance in HNSCC cell lines and its downregulation 

significantly increases sensitivity to cisplatin-mediated apoptosis (Khan 2012). These 

data raise intriguing questions regarding the underlying differences associated with the 

improved survival of patients with HPV+ OPSCC. It is possible that miR-320a in HPV+ 

disease is playing a role in tempering the p53-survivin pathway, such that direct targeting 

of survivin by miR-320a reduced protein levels of survivin. Perhaps exogenous miR-320a 

could be therapeutic to p16- patient cohortsand aid in tempering survivin’s anti-apoptotic 

activity or promoting sensitivity to cisplatin?  

MiR-222 is clustered with miR-221 in an intergenic region on chromosome Xp11.3. 

Targets of this microRNA include 18 experimentally verified and 262 predicted 

sequences, with cyclin-dependent kinase inhibitor genes p27 and p57 being the two most 



 236 

studied. Thus, miR-222 has the potential to function as an oncomir by targeting tumor 

suppressive p27 or p57 (Medina et al. 2008). There are multiple reports that miR-222 

down regulates PTEN in various tissues and developmental contexts. One report 

validated PTEN as a target and demonstrated that miR-222 is differentially upregulated in 

dorsal root ganglia after nerve injury and functions to promote neurite regeneration via 

reduced PTEN protein levels (Zhou et al. 2012). Further, Carlo Croce’s lab has shown 

that both miR-222 and -221 are overexpressed in aggressive non-small cell lung cancer 

and hepatocellular carcinoma as compared to both less invasive tumor cells and normal 

epithelium (Garofalo et al. 2009). Utilizing clinical specimens and cell lines, PTEN and 

tissue inhibitor of metalloproteinases-3 (TIMP3) were demonstrated to be bona fide 

targets of miR-222, with reduced protein expression correlating to enhanced cellular 

migration and resistance to TNF-related apoptosis-inducing ligand (TRAIL) therapy via 

activation of the Akt pathway and enhanced metallopeptidase expression (Garofalo et al. 

2009; Wong et al. 2010). Two reports assessing microRNAs that contribute to oral cancer 

cell proliferation and metastasis identified miR-222 as having a role in disease 

development and progression (Liu et al. 2009; Yang et al. 2011). Microarray analysis and 

subsequent qPCR validation utilizing paired cell lines from the same patient, but with 

differing metastatic potential, revealed miR-222 as down regulated in the more 

aggressive cell line (Liu et al. 2009). Transfection experiments and functional analyses 

provide an interesting view of miR-222 oral cancer; as its induced expression led to a 

significant decrease in cell invasion. The authors went on to validate matrix 

metalloproteinase 1 (MMP1) and manganese superoxide dismutase 2 (SOD2) with 

luciferase assays as targets of miR-222, which led to their proposal of a model in which 
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increased miR-222 would lead to decreased MMP and SOD2 expression with a 

consequential tempered invasive phenotype. Animal models and correlative patient 

samples would have strengthened their model. Moreover, given the effects seen with 

transfection, it would have been interesting to have also assessed the relationship between 

miR-222 and PTEN in oral cancer cell lines. 

 

6.3.5 Downregulated microRNAs 

None of the HPV-correlated downregulated microRNAs in this study were 

statistically significant across all of the datasets: FFPE, TCGA 1, and TCGA2. However, 

based on implications in the literature and general trends between our data, miR-199a, 

miR-145, or miR-126a down-regulation may be highly associated with HPV+ disease.  

Lajer and colleagues have assessed microRNA profiles differentiating HPV+ from 

HPV- OPSCC and included cervical specimens in order to identify so-called, “Human 

papillomavirus core miRNAs” (Lajer et al. 2012). Generally, they demonstrated that 

based on microRNA profiles, HPV+ HNSCC and cervical cancer are significantly more 

similar compared to HPV- HNSCC. When comparing HPV+ to HPV- OPSCC, miR-143, 

miR-145, mir-199a-3p, miR-199b-3p, miR-199b-5p, and miR-126 were all 

downregulated in HPV+ disease at statistically significant comparisons in fold changes 

similar to the FFPE dataset (Lajer 2011). Lajer (2012) later reported that miR-145, miR-

199a-3p, miR-199-5p, and miR-199b-5p were associated with downregulation in both 

cervical SCC and HPV+ OPSCC. Although the FFPE data set corroborates these 

findings, the miRNAseq datasets did not. A potential explanation for this is that the 

TCGA samples contain limited amounts of stroma or normal tissues, which may contain 
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high levels of these microRNAs, therefore, this essentially diluted the HPV-specific loss 

of these microRNAs in cancer cells. The cell line experiments in Chapter 5, seemed to 

refute that notion in that not all of the HPV+ cell lines showed downregulation relative to 

HPV- cell lines. However, this is not entirely surprising as previous work demonstrated 

that miR-145 (as well as its cluster member miR-143) are not expressed in monolayer cell 

culture, but they are expressed in organotypic raft cultures (Wang et al. 2008).  

The link between miR-199a, miR-145, mi-126 and HPV may be better understood 

when considering the in vitro experiments from Lou Laimin’s lab described above 

(Gunasekharan & Laimins 2013). These microRNAs are likely differentiation-dependent 

and have capacity for reflecting changes secondary to the presence of HPV oncoproteins. 

In comparing the matched normal organotypic keratinocyte raft cultures to HPV-31 

transfected cultures, miR-199a and miR-145 are down-regulated 8.7 and 7.1-fold 

associated with the presence of HPV. This suggests a mechanistic link of changes in the 

expression of these microRNAs and early stages of the HPV life cycle. For miR-145, 

HPV E1 protein has been shown to be a bona fide miR-145 reactive element and the seed 

sequence of miR-145 is present in the E1 ORF of a number of papillomaviruses 

(Gunasekharan & Laimins 2013). Lentiviral forced expression of miR-145 plays a role in 

controlling genome amplification with a significant reduction of episomal viral DNA in 

undifferentiated cells. These activities appear to be dependent on the function of viral E7 

protein. These in vitro data should be interpreted as having true biological significance 

when considering that in cervical cancer cell lines and cervical cancer tissues, miR-126, 

miR-143, and miR-145 are downregulated when compared to normal cervical tissues 

according to microarray data, northern blots, and qPCR (Wang et al. 2008; Martinez et al. 
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2008). Taken together, these data indicate that HPV may downregulate miR-145 in order 

to allow for differentiation-specific genome amplification. The links between miR-199a, 

miR-126, and HPV may be similar, as these three microRNAs appear to be repressed in 

laser captured microdissected human oropharyngeal cancer cells. In this context, we can 

understand these microRNAs as having putative tumor-suppressive functions in HPV+ 

disease. 

Interpreting the significance of miR-199 downregulation in HPV+ OPSCC is slightly 

more complicated and certainly warrants experimental focus moving forward. This was 

the only downregulated microRNA from the FFPE dataset to show statistically 

significant differences between HPV+ and HPV- patients in TCGA cohort 1. When 

including tissues outside the oropharynx, as was the case in TCGA cohort 2, miR-199a 

lost statistical significance, although it was still expressed at lower levels in HPV+ 

disease. However, like miR-145, it may be a differentiation specific microRNA that is 

modulated as a consequence of HPV. In other cancer types, it appears that miR-199 

expression has prometastatic activities, with the most elegant study from Sohail 

Tavazoie’s lab showing a convergent action of miR-199a-5p, miR-199a-3p, and miR-

1908 on two phenotypically related genes DNAJA4 and ApoE (Pencheva 2012). The 

concept is that all three of these microRNAs cooperatively target two genes that suppress 

metastasis, i.e., so called ‘convergent’ actions as opposed to ‘divergent’ actions of 

microRNA-induced regulation. When these microRNAs are expressed in melanoma, 

those tumors are highly metastatic in animal models as well as in patient samples. The 

concept of convergent targeting could be important as it appears that multiple variants of 

the miR-199 family are implicated in HPV-associated profile, e.g., both miR-199a and 
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miR-199b were statistically significant. However, similar to miR-106b, the preliminary 

results from microRNA ISH studies suggest that expression of this microRNA is clearly 

detectable in most HPV- OPSCC tumors. 

Along these lines, there is extensive evidence that miR-126 acts in a divergent 

manner in both in vitro and in vivo models of breast cancer to suppress multiple genes 

important in endothelial recruitment and to robustly suppress metastasis (Png et al. 2012). 

However, as with many microRNAs, there are conflicting reports in the literature and its 

role in cancer in general is controversial despite playing the role of protagonist in a 

number of high profile publications. MiR-126 is thought to be endothelial specific, 

although claims of tissue specificity of microRNAs are fraught with relative expression 

studies that use endogenous control genes that differ between tissue types. Clearly 

though, its genomic locus is within intron 7 of epidermal growth-factor-like domain 7 

(Sasahira et al. 2012). Increased expression of three miR-126 target genes, IGFBP2, 

MERTK, and PITPNC1, provides highly metastatic breast cancer cells strengthened 

endothelial recruitment capacity, resulting in enhanced metastatic colonization. Multiple 

other miR-126 target genes exist including VCAM-1 and VEGF-A (Harris et al. 2008; 

Sasahira et al. 2012). The implication of involvement of the VCAM-1 is interesting as 

this cytokine-inducible ligand mediates leukocyte adherence to endothelial cells. Thus, in 

certain contexts, downmodulation of miR-126 may aid in cancer cell’s ability to express 

genes important in adhering to vessel walls and possibly promote diapedesis in 

surrounding tissue. We do not know the precise biochemical and cellular consequences of 

downmodulating miR-126 in HPV OPSCC, but its literature-supported role as a 

metastasis enhancer provides a strong rationale for further investigation into its targets 
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and the effects of its replacement in HPV+ OPSCC (Zhang et al. 2013; Zhu et al. 2011; 

Sasahira et al. 2012).  

Determining the transcriptomic and proteomic consequences of altered microRNA 

expression will be an area of future work. Although cell lines are a wonderful system for 

many genetic, biochemical, pharmacologic, and microbiological experiments, our results 

suggest that interpretation of transcriptomic data, particularly microRNA expression, 

should be interpreted parsimoniously. However, we will continue to work to 

biochemically inhibit those microRNAs that are overexpressed in OPSCC cell lines and 

assess the phenotypic consequences of microRNA knockdown. Some of these planned 

experiments are shown in Table 6.6. We are also working diligently to understand and 

analyze the ISH studies utilizing expanded cohorts of human tumor samples. These 

efforts aim to correlate microRNA expression patterns to patient HPV status as well as 

demographic and prognostic data.  

6.4    TRANSLATIONAL RELEVANCE 

6.4.1 Potential for therapeutic intervention 

The value of microsRNAs as therapeutic targets is an evolving field of research. This 

study did not specifically address the potential for therapeutic manipulation of any of the 

microRNAs correlated to HPV+OPSCC. However, it is important to consider this as a 

future area of research. The rationale for manipulating microRNAs in cancer is largely 

based on the theory that tumor tissues are particularly sensitive to microRNA 

perturbations relative to normal tissues (see Chapter 1.4). Because we now believe that 

the biochemical effects of microRNAs often temper or fine-tune transcriptional programs 

and that pathological gain or loss of microRNAs tend to affect the way in which cells 
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respond to stress, there is some hope that modulating microRNAs that affect global 

processes of apoptosis, oncogenic signaling, tumor suppressive functions, metastasis, 

tumor-immune system interactions, and cellular metabolism will help improve 

therapeutic response specifically by disturbing a cell’s ability to respond to particular 

stress. Thus, combining targeted kinase inhibitors or conventional chemotherapy with 

approaches aimed at modulating tumor-specific microRNA expression may synergize to 

promote pathway specific inhibition.  

From the perspective of microRNA therapeutics, replacing a lost microRNA is a 

theoretically plausible approach. There are a number of microRNA-based approaches that 

have been validated in clinically relevant animals, and a few are in early clinical 

development. As an example, Mirna Therapeutics, Inc. has an open Phase 1 trial of their 

agent MRX34, given IV for unresectable primary liver cancer or metastatic cancer with 

liver involvement (NCT01829971). This agent is a microRNA-mimetic and essentially 

would provide the effector mechanisms of tumor-suppressive miR-34a, thus antagonizing 

many processes that are necessary for cancer cell viability and effectively inhibiting 

tumor growth (Bader, 2012). Data from animal models suggest that delivery is very 

specific to the liver and generally is well-tolerated by normal tissues. Although, this 

particular microRNA is not a likely target for HPV+OPSCC, since miR-34a is expressed 

in certain OPSCC cell lines (Figure 5.11) as well as in all of the TCGA tumor samples 

regardless of HPV status (mean expression TCGA cohort 1 = 140 rpm; median = 125). 

Based on our HPV-associated microRNA profile, we don’t know if losing a particular 

microRNA is important in the early stages of tumorigenesis for viral replication or at 

times when tumors are clinically advanced, i.e., metastatic. However, replacing a 
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microRNA lost in HPV+ disease could be an important component of future targeted 

therapies.  

Inhibiting microRNAs is also possible. The most famous example of efforts to do this 

is a drug called Miravirsen, which was developed by a small biopharmaceutical company 

Regulus. Miravirsen is a locked nucleic acid antisense oligonucleotide that sequesters and 

inhibits a human microRNA, miR-122, that is necessary for hepatitis C virus replication 

in the liver. The rationale for this treatment is based on HCV replication in the liver being 

dependent on a functional interaction between the HCV genome and hepatocyte-specific 

miR-122. After encouraging preclinical results, the clinical Phase 2 clinical trial of this 

agent included 36 patients across seven international sites with chronic HCV (Janssen 

2013). Dosing resulted in dose-dependent reductions in HCV RNA levels across three 

different doses, with five patients experiencing ‘cures’, or no detectable HCV RNA. 

Incredibly, there were no dose-limiting toxicities or adverse events observed in this trial.  

The question of therapeutic potential regarding microRNA in HPV+OPSCC may be 

better addressed by focusing on those microRNAs that are most highly expressed in 

OPSCC according to next-generation-sequencing data (Table 4.5 and Table 4.9). Of 

note, although our analyses did not show miR-203 to be highly correlated to HPV status, 

it is clearly expressed at lower levels in HPV+OPSCC relative to HPV- tumors. Mir-203 

is a factor that negatively regulates proliferative capacity upon epithelial cell 

differentiation and its normal upregulation in differentiating squamous tissue has been 

shown to be downregulated as a function of E7 viral oncoprotein in vitro (Melar-New & 

Laimins, 2010). Whether or not lower miR-203 in HPV+OPSCC compared to HPV-

OPSCC is relevant for tumor progression could be an area of future research.  
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Recently, there have been reports characterizing the Akt/mTOR and PD-1:PD-L1 

pathways as key molecular events amendable to novel therapies in HPV-associated 

HNSCC. Most HNSCC tumors, regardless of HPV status, upregulate the mTOR 

pathway. The mechanism associated with HPV- HNSCC, is most often EGFR 

amplification. In contrast, HPV status in both cervical and oropharyngeal cancers is 

highly correlated to pAktS473 and pS6, that appear to be independent of EGFR activation 

(Molinolo 2012). These two proteins are downstream phosphorylation targets of mTOR 

protein kinases indicating overactivity of the mTOR pathway. In tumor xenograft models 

utilizing HPV+ cell lines, targeted inhibition of mTOR showed specific effects on this 

pathway and resulted in statistically significant differences in tumor burden in only a few 

days after treatment initiation. The regulatory network associated with mTOR divergently 

regulates cellular metabolism, protein translation and synthesis, autophagy, and cell 

migration in a coordinated manner with mitogenic signaling (Zoncu 2011). It is actually a 

highly intriguing question of how HPV-related tumors manipulate cellular metabolism 

and come to rely on upregulated mTOR activity; microRNA may play a role in this. 

Pharmacologically targeting disregulated microRNAs that affect the Akt/mTOR pathway, 

e.g. miR-17 family members, may further intensify the anti-tumor effects of mTOR 

therapies.  

There is also incredible excitement in oncology regarding targeted therapies against 

immune checkpoint inhibitors such as PD1 and PDL1. For potentially immunogenic 

tumors, such as HPV+ cancers, this receptor-ligand pair is thought to play a role in 

shutting down adaptive immunity towards cancer cells (Lyford-Pike 2013). As is the case 

with the Akt/mTOR pathway, modulating microRNAs involved in tumor-cell specific 
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PD-L1 expression or generally, immune system inhibition or activation, may bolster 

responses to anti-PD1 or anti-PD-L1 treatment.  

6.4.2 Potential for salivary diagnostics 

MicroRNAs can be used for salivary diagnostics of oral cancer (Park et al. 2009). 

Thus, microRNAs, which are consistently up- or down-regulated in the context of HPV+ 

OPSCC, may represent the host response to an oncogenic HPV infection. Some or all of 

the HPV-associated microRNA panel may have applications in two obvious diagnostic 

realms. First, given the appropriate assay development, this panel can serve to stratify 

patients when they first present with signs and symptoms of head and neck cancer, even 

before a biopsy is conducted. Information from such an assay would allow for some 

degree of confidence that an individual has an HPV-associated disease, which indicates 

that the primary tumor is almost certainly oropharyngeal. Second, it is possible that this 

panel could be indicative of an HPV infection prior to cellular transformation and 

clinically detectable disease. In this context, widespread screening for the HPV+ 

microRNA panel could be a component of routine dental care. 

In collaboration with Dr Hsueh-Chia Chang of the The Center for Microfluidics and 

Medical Diagnostics at Notre Dame University, ongoing research efforts are focused on 

developing a cheap diagnostic platform, which detects the presence of cancerous cells in 

oral rinse samples. Current and future efforts are aimed at differentiating HPV+ from 

HPV- oral rinse samples using the microRNA expression patterns described in this 

dissertation. The ultimate goal of these efforts is to develop a platform that is cheap 

enough to allow testing during preventive dental care visits.  
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Together, the studies presented in this dissertation address a major problem in the 

application of our understanding of cancer biology: that treatment remains ineffective for 

certain individuals and there are few validated ways to choose among different treatment 

modalities for any given patient. In this study, we address poorly understood biochemical 

and molecular alterations underlying the pathobiology of a type throat cancer caused by 

HPV. Although clinical trials assessing differing management strategies for HPV+ 

relative to HPV- diseases are underway, currently it is common for HPV+ patients to be 

treated in the same manner as HPV-.  However HPV+ tumors of the oropharynx are 

associated with powerful risk and survival stratification because these patients have 

prolonged progression-free responses and often, with appropriate surgical management, 

chemotherapy and radiation, experience complete responses that appear durable. Thus, 

early identification and characterization of this patient cohort is necessary specifically to 

tailor the care of these individuals to the unique biology of their tumors.  As such, the 

characterization of an HPV-driven OPSCC tumor is itself a biomarker demanding 

management strategies distinct from those associated with traditional HNSCC.  

We identify an “oncogenic microRNA panel” that likely represents the host response 

to an oncogenic HPV infection and validate this panel in additional clinical cohorts using 

publicly available miRNAseq and clinical data from The Cancer Genome Atlas, and 

microRNA-ISH analysis of arrayed human OPSCC tissues. This molecular signature may 

have utility to differentiate oropharyngeal tumors with different prognoses and thus 

distinct management strategies and facilitate mechanistic elucidation of molecular factors 

that contribute to OPSCC development and progression. 
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Table 6.1: Literature confirmed HPV correlated microRNAs. These microRNAs are 
reported in at least one other study or implicated in the FFPE, TCGA 1, or TCGA 2 datasets.  

Group microRNA  
Fold 
∆ Method 

Sample 
size 

(hpv+/-) 
Type of 
samples 

Validation 
efforts 

Wald, 
2011 miR-363 ↑ 5.16 miRVana 

microarray 2/2 Cell lines 

q-RT-PCR 
validation 
& in vitro 

E6 
transfection 

 miR-222 ↓ -3.7    showing ↑  
 miR-181b ↓ -6.7    miR-363 

Lajer, 
2011 miR-363 ↑ 1.6 Microarray 8/12 

Whole 
Frozen 

biopsies 
None 

 miR-143 ↓ -1.9 Trizol 
extraction    

 miR-145 ↓ -1.9     
 miR-199a-3p ↓ -1.8     
 miR-199b-3p ↓ -1.8     
 miR-199-5p ↓ -1.7     
 miR-143* ↓ -1.7     
 miR-126 ↓ -1.7     

Gao, 
2012 miR-9 ↑ 1.98 In house 

qPCR array  82/19 FFPE 
tissues None 

 miR-155 ↑ 0.80 96 select 
microRNAs  Macro-

dissection  

 miR-31 ↓ -1.7 
Global 
norm 

Student T 
   

Lajer, 
2012 miR-363 ↑ 10 Microarray 10/10 

FFPE 
laser-
micro-

dissected 

qPCR for 
targets 

underlined  

 miR-15a ↑ 3.4 Trizol 
extraction    

 miR-20b ↑ 3.1     
 miR-155 ↑ 2.6     
 miR-15b ↑ 2.6     
 miR-16 ↑ 1.8     
 miR-181b ↓ -2.0     
 miR-31 ↓ -4.7     
 miR-193b ↓ -5.1     

Hui, 
2013 miR-20b ↑ 5.27 Taqman 

qPCR array 49/39 FFPE 
tissues 

Independent 
HNSCC 
cohort 

 miR-9 ↑ 6.96 ∆Ct w/3 
RNUs  Macro-

dissection n=19 

 miR-193b ↓ -1.5     
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Table 6.2: Summary table of microRNAs and their support in the literature. These 
microRNAs are reported in at least one other study and implicated in the FFPE, TCGA 1, or TCGA 2 
datasets. They are ordered based on sample size or number of literature citations. Tests of significance not 
included because some of the sample size numbers are combined from multiple studies. The yellow 
shading indicates member of the miR-17 ‘seed’ family (see Fig 6.1), including miR-20a/b, miR-93, and 
miR-106a/b. Purple shading indicates cluster family member with miR-20b. Asterix indicates 2 of the 
samples were cell lines. 
 
 

MicroRNA Chromosomal 
location 

Up-/down-
regulation 

No. of 
references 

Sample size 
(HPV+/HPV-) 

miR-9 
9q22 

5q14.13 
15q26.1 

Up 2 131/58 

miR-155 21q21.3 Up 2 92/29 

miR-20b Xq26.2 Up 2 59/39 

miR-363 Xq26.2 Up 3 20*/24* 
miR-31 9p21.3 Down 2 92/29 

miR-193b 16p13.12 Down 2 59/39 
miR-15a 13q14 Up 1 10/10 
miR-16 13q14 Up 1 10/10 

miR-15b 3q26 Up 1 10/10 
miR-199a-3p 19p13 Down 1 8/12 
miR-199b-3p 9q34.11 Down 1 8/12 
miR-199b-5p 9q34.11 Down 1 8/12 

miR-145 5q32 Down 1 8/12 
miR-143 5q32 Down 1 8/12 
miR-126 9q34 Down 1 8/12 

 
 
 
Table 6.3: Newly identified OPSCC HPV-correlated microRNAs. These microRNAs 
were identified in one of the datasets presented in preceding chapters and had not been shown to be HPV 
correlated in the literature. The yellow shading indicates members of the miR-17 family, including miR-
20a/b, miR-93, and miR-106a/b.  
 

MicroRNA Chromosomal 
location 

Up-/down-
regulation 

Relevant 
dataset 

Sample size 
(HPV+/HPV-) 

miR-106b 7q22.1 Up TCGA 
1&2 32/38 

miR-93 7q22.1 Up FFPE 15/8 

miR-222 Xp11.3 Up FFPE 15/8 

miR-320a 8p21.3 Up FFPE 15/8 
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Figure 6.1: Primary transcript structures of the human miR-17-92, miR-106a-363, 
and miR-106b-25 clusters. These three clusters represent four distinct but closely related functional 
families (yellow, green, blue, purple colors). ‘Families’ is a designation based on their seed sequences 
(bolded and underlined). The miR-106b~25 cluster (7q22.1) is located within the 13th intron of the protein 
coding gene MCM7, and is transcribed as a function of E2F family members. Adapted from: Mendell JT. 
Cell. 2008 Apr 18;133(2):217-22. With permission, license number: 3346140242920 
 

 
Figure 6.2: TCGA 1 and TCGA 2 mean read counts. The three plots represent highly 
statistically significant fold changes between the HPV+ and HPV- cohorts, but radically different scale 
bars, where the expression level of miR-106b is ~30x higher. 
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Table 6.4: Differentially expressed microRNAs that were consistently reported in 
HNSCC (by at least four studies). These studies did not look for HPV-association and included 
samples from throughout the head and neck. The comparison of interest is HNSCC tissues relative to 
normal aerodigestive tract mucosa. Adapted from: Chen et al., 2012. With permission, license number: 
License Number: 3346010556653  
 
 

MicroRNA Chromosomal 
location 

Up-
/down-

regulation 

No. of 
references 

Sample 
size 

(SCC/ctrl) 
miR-21 17q23.1 Up 11 192/112 

miR-155 21q21.3 Up 6 133/68 
miR-130b 22 Up 4 129/58 
miR-223 Xq12 Up 4 125/60 
miR-31 9p21.3 Up 4 73/63 

miR-7 
9q21.32 or 
15q26.1 or 

19p13.3 
Up 4 48/30 

miR-34b 11q23.1 Up 4 31/26 
miR-100 11q24.1 Down 5 127/67 
miR-99a 21q21.1 Down 5 127/67 
miR-375 2q35 Down 4 129/58 

miR-125b 11q24.1 or 
21q21.1 Down 4 117/57 
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Table 6.5: ‘miR-17 seed family’ targets. Our bioinformatic approaches utilizing TargetScan 
implicate a list of 414 targets for miR-106b. The table below demonstrates selected potentially disease 
relevant targets. 

Symbol Gene name Evidence 
E2F1 E2F transcription factor 1  experimental 
RB1 Retinoblastoma 1  experimental 
RBL1 Retinoblastoma-like 1 (p107)  experimental 
RBL2 Retinoblastoma-like 2 (p130)  experimental 
PTEN Phosphatase and tensin homolog  experimental 
TGFßR2 Transforming growth factor beta receptor2 experimental 
SMAD  SMAD family member (multiple isotypes) experimental 
BCL2 BCL apoptosis facilitator experimental 

A.  

 
  B.  

 
Figure 6.3: A model showing the miR-17 seed family targets. miR-106b, miR-20b, and 
miR-93 heavily target critical cancer related genes, including many tumor suppressor genes, such as 
members of the TGFß, phosphoinositide 3-kinase/AKT (PI3K/Akt), p53 pathways (A). This may bolster 
various hallmark capabilities of cancers (B). Top (A): Hamiliton et al. (2013) reprinted under Creative 
Commons license (Attribution-Noncommercial 2.5). Bottomr (B): Adapted from Sage & Ventura (2008) 
under a Creative Commons Attribution 4.0 International License (CC-BY)  
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Table 6.5: miR-9 targets. Our bioinformatic approaches utilizing TargetScan implicate a list of 310 
targets for miR-9. The table below demonstrates selected potentially disease relevant targets. 
 

Symbol Gene name Evidence 

CDKN2A 
Cycling-dependent kinase inhibitor 2A 
(p16) predicted 

MALAT1 
Metastasis Associated Lung 
Adenocarcinoma Transcript 1 (lnc RNA) experimental 

HLA-A Major histocompatibility complex A  experimental 

NFKB1 
Nuclear factor of kappa light polypeptide 
gene enhancer in B-cells 1  experimental 

CXCR4 Chemokine (C-X-C Motif) Receptor 4 experimental 
SIRT1 Sirtuin 1  experimental 
VEGFA Vascular endothelial growth factor A  experimental 
CDH1 E-cadherin experimental 
CTNNA1 Catenin alpha-1 experimental 
TRAF3 TNF Receptor-Associated Factor 3 predicted 

PPARA 
Peroxisome Proliferator-Activated 
Receptor Alpha predicted 

FOXN2 Forkhead box N2 predicted 
 
 
Table 6.6: Cell lines prioritized for functional studies. Based on the FFPE and TCGA 
cohorts, we conclude that the most important microRNAs to functionally validate are members of the miR-
17 seed family, including miR-106b, miR-93, and miR-20b; miR-9; miR-320a; and possibly miR-34a. The 
following table show HPV+ cell lines, their endogenous levels of these microRNAs (see Figure 5.9), and 
possible experimental approaches.  
 

Cell line microRNA Experiment(s) 

SCC090 High miR-9, High miR-93 

1.Inhibit endogenous microRNA 
with antagomir,  
2. For miR-9, perform functional 
assays or orthotopic seeding in 
mice. Compare to HPV- SCC003 
(low miR-9) 
3. For miR-93, perform mRNA 
PCR array for miR-17 targets. 
Compare to HPV- SCC003 (low 
miR-9) 

SCC152 Moderate miR-9, moderate miR-93, High 
320a, high miR-34a 

1.Inhibit endogenous microRNA 
with antagomir,  
2. For miR-34 perform mRNA 
PCR array for miR-34 targets with 
and without inhibitor of miR-34a 

SCC200 low miR-9, low miR-93 (still above HPV- 
cell lines), low miR-320, low miR-34a 

Exogenously express biotinylated 
miR and pulldown targets and deep 
sequence 
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