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Abstract 

Head and Neck Squamous Cell Carcinoma (HNSCC) is rising in incidence 

worldwide, hence there is an increased need to elucidate the molecular 

pathways responsible for this disease. MicroRNAs (miRNAs) are of great 

interest due to their role in the initiation and progression of several cancers, 

including HNSCC. These are a class of small non-coding RNAs that typically 

perform post-transcriptional regulation of messenger RNA (mRNA) through the 

recognition of complementary sequences within the 3´ untranslated region 

(UTR). However, several studies have demonstrated that miRNAs regulate 

other miRNAs, known as a miRNA-miRNA interaction. This is a relatively new 

area of research and no information exists pertaining to the impact of these 

interactions in HNSCC. This thesis focused on the discovery of miRNA-miRNA 

interactions in HNSCC that are initiated by the oncogenic miRNA, miR-21, and 

expanded upon a model for direct miRNA-miRNA regulation. 

To investigate miRNA-miRNA interactions in HNSCC, miR-21 was 

overexpressed in HNSCC cells and the changes in miRNA expression were 

evaluated using a TaqManTM OpenArray. Fold change analysis determined that 

10 miRNAs were upregulated and 150 miRNAs were downregulated in 

response to miR-21. The top-most dysregulated miRNAs and their gene targets 

were integrated into a series of networks to determine the cellular impact of 

miRNA-miRNA interactions. The Cancer Genome Atlas (TCGA) HNSCC cohort 

was used to evaluate the changes in this set of miRNAs in patients. Of note 

from this analysis was miR-92a, which is a member of the miR-17~92a cluster. 

In vitro experimentation and miRNA sequencing confirmed that the 

overexpression of miR-21 resulted in the downregulation of members of the 

miR-17~92a cluster, as well as two other miRNAs, miR-30c and miR-375. In 

exploring possible mechanisms for the observed changes in the miR-17~92a 

cluster, its host gene, MIR17HG, was found to contain several putative miR-21 

binding sites. To expand on this mode of miRNA regulation, a novel 

bioinformatics workflow was developed to identify predicted miRNA binding 

sites within pri-miRNAs. This analysis uncovered that miRNA binding sites are 
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abundant within pri-miRNAs and were enriched compared to sites in random 

sequences. 

By using an explorative approach, this thesis collectively identified novel 

potential miRNA-miRNA interactions of miR-21 in HNSCC, and provided 

evidence that the direct binding of a miRNA to a pri-miRNA may be a 

widespread, albeit underexplored, mechanism for miRNA regulation. This has 

implications on the development of miRNA therapeutics and the use of miRNA-

based biomarkers for prognostic and treatment purposes in HNSCC. 
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1 Chapter 1 – Introduction and Literature Review 

Cancer poses a significant threat to society worldwide1. In 2018, Head and 

Neck Squamous Cell Carcinoma (HNSCC) alone accounted for more than 
800,000 cancer diagnoses2. The risk factors for HNSCC include tobacco 

smoking, high alcohol consumption3, and Human Papilloma Virus (HPV)4, due 
to their impact upon the cellular environment5. This thesis focuses on changes 

in the molecular milieu of HNSCC in relation to non-coding RNAs (ncRNA), 
specifically microRNAs (miRNAs). 

Canonically, miRNAs are involved in the post-transcriptional regulation of 
messenger RNA (mRNA) transcripts through the recognition of binding 

sequences within the 3´ untranslated region (UTR)6,7. Once bound, the RNA-
induced silencing complex (RISC) signals for the degradation or suppression of 

the mRNA transcript, thus mediating downstream gene expression6,7. miRNAs 
are controlled at several stages of their biogenesis. However, recent evidence 

suggests that miRNA undergo self-regulation called a miRNA:miRNA 
interaction8-10. This process occurs across the biogenesis process11, and spans 

the nucleus and the cytoplasm12. These regulatory interactions impact both the 
production of miRNA and the downstream regulation of their targets13. 

Although this is a relatively new concept, miRNA:miRNA interactions have 
already been shown to influence cancer development12. This chapter will 
review what is currently known of HNSCC and miRNAs, including their means 

of control and role in cancer development. The focus of this literature review 
will be on the regulation of miRNA by miRNA, and the impact of these 

interactions on cellular miRNA and mRNA expression. 
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1.1 Head and Neck Squamous Cell Carcinoma (HNSCC) 

Cancer, as a whole, has a high disease burden worldwide14. HNSCC is the 
sixth most common form of cancer worldwide15. It is defined as a subset of 

tumours of epithelial origin that occur in the regions of the larynx, hypopharynx, 
oropharynx, nasopharynx, oral cavity, lingual and palatine tonsils, and the 

paranasal sinuses4,7,16,17. A diagram of the regions most affected by this disease 
is shown in Figure 1.1.  

 

 

 

Figure 1.1 The anatomy of the head and neck region, highlighting the areas 

most affected by HNSCC, including the larynx, pharynx, oral cavity, nasal cavity 

and the paranasal sinuses. Adapted from “Types of Head and Neck Cancers” 

by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-

templates  
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1.1.1 Anatomy of Head and Neck Cancer 

The regions affected by HNSCC are primarily composed of stratified 
squamous epithelium. The tonsils, however, constitute of lymphothelium18. 

Between 10-40% of cancerous legions arise from areas previously diagnosed 
as leucoplakia or erythroplakia19. Pathologies such as hyperplasia and pre-

malignant regions, if unmanaged, may also develop into carcinoma in-situ or 

invasive carcinoma19. 

1.1.2 Risk Factors for HNSCC 

Alcohol consumption and tobacco smoking pose the greatest risk for the 
development of HNSCC3. Alcohol alone has been shown to greatly contribute 

to the development of hypopharyngeal squamous cell carcinoma (HPSCC)20. 
High alcohol consumption results in a five-fold increase in the risk of 

developing oral, oropharyngeal, or pharyngeal cancer21. This is slightly lower 
for laryngeal disease, as alcohol contributes to a 2.6-fold increase in the 

chance of cancer in this region21. The components of alcohol, ethanol and 
acetaldehyde, greatly impact the genome21. Ethanol acts as a solvent in the 

oral cavity for other carcinogens, such as tobacco, increasing the risk of 
disease21. Additionally, the conversion of ethanol to acetaldehyde disrupts DNA 
synthesis and repair, contributing to potential oncogenic changes21. 

Tobacco consumption is another significant contributing factor for HNSCC, 
specifically laryngeal squamous cell carcinoma20. There is a ten-fold increase in 

the risk of developing HNSCC for individuals that smoke or consume tobacco, 
compared to never-smokers20. The consumption of betel quid, particularly in 

India and Asian nations, also increases a person’s risk of HNSCC22. 
Additionally, the combination of both alcohol and tobacco consumption poses 

a greater risk of HNSCC development, compared to their individual 
contribution to disease development4,15,23.  

In recent years, HPV infection, particularly with the high-risk subtype HPV-16, 
has been found to contribute to the development of HNSCC4. HPV positive 

HNSCC mainly affects the oropharynx, particularly the tonsils24. This disease is 
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primarily spread via sexual contact with an infected individual25,26. Those that 

consume marijuana are also at a higher risk of developing HPV HNSCC due to 
its inhibitory effect on the immune system and cellular environment26. 

Besides tobacco, alcohol, and HPV, there are several other risk factors that 
can be attributed to HNSCC. These include ultraviolet light exposure4, 

environmental and occupational exposures27,28, and an antioxidant-deficient 
diet4. It has recently been demonstrated that a pro-inflammatory diet increases 

the risk of developing HNSCC, particularly for individuals that both smoke or 
consume tobacco29. A pro-inflammatory diet involving a high proportion of fried 

foods and highly processed meats has been shown to activate cytokines and 
transcription factors that have a role in cancer development29. The oral 

microbiome also contributes to HNSCC development as it exacerbates the 
molecular effect of alcohol and cigarette consumption29. Surprisingly, obesity 

has been linked with a lower risk of HPV-negative HNSCC, even though it has 
been associated with a higher risk of developing other cancers such as that of 
the lungs or pancreas30. A recent report found that the body mass index (BMI) 

of an individual has a positive effect on a patients’ overall survival, recurrence 
free and distant metastasis free survival31. Low socioeconomic status, income, 

and education also have a positive correlation with the occurrence of 
HNSCC32. 

The risk of HNSCC also has a genetic component, as it is 1.7 times more likely 
an individual will develop HNSCC if a first-degree relative has been diagnosed 

with the disease3. Additionally, having a sibling with the disease increases an 
individual’s risk by two-fold3. Tumorigenesis is also influenced by the presence 

of genetic diseases or pre-existing conditions33. 

1.1.3 Epidemiology 

Currently over 800,000 people are diagnosed with HNSCC per annum2, which 
is equivalent to a global age-standardised rate of 8.1 per 100,00034. Countries 

such as Sri Lanka, India, Pakistan and Bangladesh have a high number of 
cases due to the large percentage of tobacco users in the population4,15. There 



5 

has been increase in the number of HNSCC cases worldwide, with the United 
States of America alone showing an increase from 25.98 per 100,000 in 1973 
to 32.29 per 100,000 in 201335. In the United Kingdom between 2002 and 2011 
the incidence of HNSCC rose by 100.3%33,36. After further investigation, this 
was found to be contributed to an increase in the number of cases, rather than 
a specific increase in HPV positive or negative HNSCC36. Graphical 
representation of this rise in incidence in the United Kingdom is shown in 
Figure 1.2.  

Figure 1.2 The rise in HNSCC in the United Kingdom by subtype, from 2002 to 

2011. Laryngeal Squamous Cell Carcinoma (LSCC) is shown in black, 

Oropharyngeal Squamous Cell Carcinoma (OPSCC) is shown in red, and 

Mouth Squamous Cell Carcinoma is shown in blue. Solid and dashed lines 

indicate the age-standardised rate (ASR) per 100,00 for males and females 

respectively. Diagram sourced from Schache et al36.
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The rise in HNSCC cases is partly due to an increase in the number of younger 

patients, those between 40 and 60 years old37, affected by the disease. In the 
United Kingdom alone, 60% of HNSCC patients are under 45 years of age33. 

An increase in oropharyngeal SCC has also been observed in Ontario, Canada, 
for those in this age group, at a rate of 3.1% per year38. It is currently 

understood that the rise in the incidence of Oropharyngeal SCC (OPSCC) and 
the younger age of diagnosis is linked to the presence of HPV infection.  

An increase in HPV-related OPSCC has occurred in parallel with a decrease in 
disease attributable to alcohol and tobacco, with over 70% of oropharyngeal 

cancers now caused by HPV39. Within this, it was observed that the number of 
tongue and tonsillar tumours has increased, concurrent with a decrease in the 

number of pharyngeal and soft palate carcinomas35. This is congruent with the 
sites most commonly affected by HPV. Other regions classified under HNSCC 

have a lower proportion of HPV positivity compared to the oropharynx, with a 
recent study demonstrating a HPV positivity of 31.6% in sinonasal squamous 
cell carcinomas40. Since HPV is primarily a sexually transmitted disease, the 

observed increase in incidence is explained by changes in sexual practices37, 
and an increase in the lifetime number of sexual partners25. 

1.1.3.1 The Demographics of Head and Neck Cancer 

HNSCC is more commonly diagnosed in males, attributing to 73.85% of 

cases34. Additionally, HPV positive HNSCC is more prevalent in young, 
Caucasian males41. Men are also 3.5-times more likely to be affected by 

chronic HPV infection compared to women38.  

1.1.3.2 HNSCC Trends in Australia 

In Australia, HNSCC contributes to 3.4% of diagnosed cancers and 2.2% of 
cancer-related deaths42. The rise in HPV related HNSCC and concurrent 

decrease in alcohol related disease, as observed in the United Kingdom, is 
also evident in the Australian population. Between 1982 and 2009, the 

incidence of all HNSCC subtypes has decreased from 19.3 to 16.8 persons per 
100,000. Within this same time frame, the incidence of the different subtypes 
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varied, shown by an increase in pharyngeal cancers (2.9 to 3.2 per 100,000) 

and a decrease in cancers located in the oral cavity (9.9 to 8.8 per 100,000) 
and larynx (4.2 to 2.6 per 100,000)42. 

Currently in Australia, HPV is detected in 45% of OPSCC cases17. A recent 
study focused on Queensland, Australia, demonstrated that 20% of HNSCC 

were HPV positive43. Of these, OPSCC showed the greatest proportion of HPV 
positive cases, at 49%43. Another study, also performed in Queensland, found 

that only 8% of oral squamous cell carcinoma (OSCC) patients were HPV 
positive, highlighting that HPV does not primarily affect the oral cavity44. 

However, the low incidence could also be explained by the low number of 
participants in the study and the remote geographic region44. 

Of the Australian population, a higher incidence rate of HNSCC is seen in 
Indigenous Australians, with the Northern Territory alone having a rate of 32.78 

per 100,00045. One study found that Indigenous Australians were less likely to 
receive treatment, received a poorer prognosis, and had a higher mortality rate 
(79%), compared to non-Indigenous Australians45, which was observed across 

all socioeconomic backgrounds. 

1.1.4 Treatment and Outcome 

The treatment of HNSCC varies with tumour stage and progression46. Surgery 
and resection of the affected area is the most common form of treatment, and 

is normally followed by radiotherapy47. For patients at an advanced stage of 
disease, such as stage III or IV, treatment typically consists of radiotherapy 

combined with cisplatin-based chemotherapy48.  

Tumour characteristics and HPV status dictate the time between diagnosis and 

treatment initiation49. However, the longer the period between diagnosis and 
treatment, the worse the prognosis of the patient, especially for those with 

HPV negative disease49. A recent study also demonstrated that delays in 
radiation treatment are correlated with a decreased overall survival50. 

Additionally, this study showed that for patients undergoing radiation treatment 
alone, overall survival was influenced by the length of time between diagnosis 
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and the initiation of treatment 50. To prevent the recurrence of the disease and 

improve the outcome of the patient, it was recommended that radiation 
treatment is commenced within 50 days of surgery47. 

Surgeons need to carefully consider the approach for tumour removal, as the 
structure and functionality of the region needs to be considered. It is also 

important that pathologists are consulted to ensure that the entire tumour is 
excised without removing unnecessary tissue18. In stage I or II disease, the 

surgical margin is an important factor in evaluating overall survival. It has been 
shown that those with positive or close margins have a mortality rate two times 

higher than patients with clear margins51. However, the outcome of individuals 
with positive/close margins is improved through the implementation of 

adjuvant therapy51. Therefore, it is important that wide and clear margins are 
achieved in surgery to increase the survival of the patient, and reduce 

exposure to radiotherapy51.  

A proportion of patients that are treated for HNSCC will have a recurrence of 
the disease, with one study indicating that those with HPV negative HNSCC 

have a 26.55% chance of local regional recurrence, and a 9.7% chance of 
distant recurrence52. 

1.1.5 Quality of Life for HNSCC Patients 

Cancers within the head and neck region have a high impact upon the quality 

of life of patients46. This is because these areas are involved in everyday 
activities such as talking, eating, swallowing and breathing46. Additional factors 

that influence a patients’ quality of life are the stage of disease, the depth of 
invasion (DOI), and the impacts of therapies such as radiation and surgery46. 

HPV status also has an influence on the level of fatigue patients experience 
after therapy, with HPV negative tumours being associated with a longer period 

of fatigue53.  

Different treatments also affect a patients’ quality of life. For example, 

chemotherapy decreases the patients’ ability to swallow54, therefore affecting 
activities vital to living. Other long-term effects include sadness, regional pain, 
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fatigue, coughing, and dry mouth55. A higher quality of life is observed for those 

that undergo surgery, as it has a reduced effect on eating and mouth 
movement compared to radiotherapy and chemotherapy56. A higher level of 

decisional regret is also observed for those that undergo chemotherapy and 
radiotherapy, but this is offset by the understanding that these therapies are 

treating the disease55. Since these factors are normally associated with a 
higher cancer stage, detecting and treating malignancies early would increase 

a patients’ quality of life46. 

Besides the physical effect of the diagnosis, HNSCC patients have been 

demonstrated to experience a change in their mental wellbeing, which would 
have a negative impact on their quality of life. As mentioned above, sadness 

can be a long-term effect of HNSCC treatment55. Additionally, the onset of 
depressive symptoms post-diagnosis is correlated with a decrease in patient 

quality of life and prognosis57. 

1.1.6 Mortality 

HNSCC carries a grim diagnosis, with a five-year survival rate of 50%58, which 
has remained constant since the 1960s59. This is mainly due to diagnosis of the 

tumour at a late stage of disease, which may involve lymph node invasion and 
metastases60. A high mortality rate has been associated with advanced disease 
states15. Surgical removal of the tumour provides the greatest survival rate 

compared to radiotherapy or chemotherapy61. 

Disease specific mortality is often contributed to metastases or primary 

tumours located at the tongue, gingiva and mouth floor, due to their functional 
impedance7,62. However, there are multiple competing causes of death for HPV 

negative HNSCC, due to the influence of tobacco and alcohol on other body 
systems63. Co-morbidities include lung cancer and other malignancies, liver 

disease, chronic obstructive pulmonary disease (COPD), and suicide63. 

There is a distinction between the mortality rates observed between alcohol or 

tobacco-related and HPV-related disease. For patients with smoking and 
alcohol-related HNSCC, the death rate is 11.3 times higher compared to 
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disease unrelated to these risk factors63. Rates of tobacco use also decrease 

the chance of overall survival in an incremental manner61. Those with HPV 
positive HNSCC have a better survival rate after two years (95%) compared to 

HPV negative disease (62%)16,39. This trend is also seen after 5-years, with a 
75% survival rate for HPV positive HNSCC, and 25% for HPV negative34. 

Chronic smoking combined with HPV-positivity is predictive of a low chance of 
survival, as the suppression of the immune system by tobacco allows the virus 

to evade detection, and increases the risk of recurrence and metastasis25,48. 

HNSCC is highly heterogenous among different societal populations. This is 

highlighted in the contradictory studies comparing the chance of survival in 
regards to gender. One study found that women have a greater chance of 

survival for HNSCC except when diagnosed with OPSCC41. However, this was 
refuted by a recent report that found that the survival of a patient is not 

correlated with gender46. Among different people groups, those of Asian 
descent have a higher rate of survival, whereas those of African American 
lineage have a lower survival rate41. The incidence of HNSCC has also 

increased among African Americans over the past several years35. Additionally, 
Indigenous Australians have a higher number of comorbidities, and are seven 

times more likely to die of other causes, compared to non-Indigenous 
Australians45. This risk also increases with an advancement in cancer stage63. 

These studies used different patient cohorts and demographic groups, and 
highlight the heterogeneous nature of this disease among different 

populations. 

1.1.7 Genes and Cellular Impact 

Recently, the focus of HNSCC research has been on the cellular and molecular 
interactions associated with its development, with the aim of further 

understanding the mechanisms behind this disease64. A recent study found 
that over 2,500 genes were dysregulated in HNSCC clinical samples compared 

to normal tissue65. Most of these genes and their functions correlated with the 
changes observed in cancerous cells, including those involved in migration, 

cell cycle progression, angiogenesis, and mitosis65. The genetic composition of 
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HNSCC also varies with subtype, as HPV negative tumours have a higher 

percentage of Tumour Protein P53 (TP53) mutations compared to those that 
are HPV positive66. Therefore, the heterogenetic environment of HNSCC is 

important to consider when investigating its tumorigenesis66. 

1.2 miRNA 

miRNA, a family of ncRNA, have been correlated with the development and 
progression of HNSCC through their role in controlling the transcriptome5. 

miRNAs are classified as small ncRNAs, that perform gene regulation by 
binding to the 3´ UTR of mRNA transcripts and signalling for their degradation 

or suppression6,7. Currently, over 60% of mRNAs are known to be regulated by 
miRNAs67. One miRNA can bind and regulate over a thousand mRNA 

transcripts, and conversely, one mRNA transcript may contain binding regions 
for several miRNA68. Thus miRNAs clearly display an extensive role in gene 

regulation. 

1.2.1 Discovery 

miRNA was first discovered in 1993 in the nematode Caenorhabditis elegans. 

The authors found that the gene lin-14 was controlled by the small RNA lin-469. 
When measured, the lin-4 RNA was present at two lengths, 22nt and 61nt69. 

These strands exhibited sequence complementarity, and it was later 

demonstrated that the longer strand was the precursor of the shorter strand70. 
Additional work found that the regulation of lin-14 was through the binding of 

its 3´ UTR by lin-470, which is the first known instance of miRNA regulation. 

The next identified miRNA in C. elegans was Let-771. This miRNA is 

evolutionarily conserved, and is present in many organisms, including flies and 
mammals71. Lin-14 and Let-7 were initially called temporal RNAs, but with the 

discovery of further ncRNAs, this class of small RNAs were renamed miRNA72. 

Subsequently identified miRNAs were labelled in the order of their 
discovery70,71. Currently, canonical miRNAs are positively identified by their 
genetic conservation, cleavage by ribonuclease (RNase) III-type enzymes such 
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as Drosha and Dicer, their abundance in cells, and their ability to associate 

with Argonaute (Ago)73. 

1.2.2 Biogenesis 

Canonical miRNA production follows several cleavage steps to form the 
mature miRNA7,62,74,75. A diagram of the miRNA biogenesis pathway is shown in 

Figure 1.3.  

The genomic sequences for miRNAs are commonly located within the intronic 

DNA of coding genes (40%) and non-coding transcripts (10%), while others are 
present in exonic regions, or overlap the intron-exon junction76. The genomic 

regions containing a miRNA are transcribed by RNA polymerase II (RNA pol II) 
to form primary miRNA (pri-miRNA). Pri-miRNA have a stem loop structure and 

are between 200 to 1000 base pairs in length6,8. The apex of the stem loop is 
referred to as the terminal loop, and the end of the stem is called the basal 

junction73,77. Within the stem, the start site of the terminal loop is named the 
apical junction73,77. One pri-miRNA strand may contain the sequences for 

several miRNA, including whole miRNA families78. This characteristic applies to 
up to 50% of human miRNAs, and is referred to as a polycistronic pri-miRNA79. 

Next, the nuclear RNase III-type enzyme Drosha and two copies of Di George 
Syndrome Critical Region 8 (DGCR8)80 form a complex called the 
microprocessor, which is responsible for pri-miRNA cleavage75,81. The apical 

stem of the pri-miRNA loop is bound by two parallel DGCR8 molecules82 and 
the basal region of the pri-miRNA is bound82 and cleaved by Drosha to form 

precursor miRNA (pre-miRNA)75. Specifically, Drosha cleaves the primary 
strand one helical turn away from the base of the stem loop and two turns 

away from the loop apex80,83. Pre-miRNAs are approximately 70nt in length75,84 
and contain a 2nt overhang at their 3´ end85. 

Movement from the nucleus to the cytoplasm occurs via the actions of 
Exportin-5 (XPO-5) in a Ran-Guanosine triphosphate (GTP) dependent 

manner85. The 3´ end of the pre-miRNA binds to XPO-5 via hydrogen bonds 
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and salt bridges86. In the presence of high Ran-GTP levels, XPO-5 binds to the 

precursor miRNA strand for transport through the nuclear pore complex86.  

Dicer, a RNase III-type enzyme, and its co-factor, trans-activator RNA (tar)-

binding protein (TRBP), cleave the hairpin loop of pre-miRNA to produce ~22nt 
double stranded miRNA6,7,75. Dicer contains a platform-PAZ-connector that 

binds the double stranded pre-miRNA to prepare it for cleavage through the 
actions of two RNase II domains87. The guide strand is determined by the 

miRNA strand with the least thermodynamically stable 5´ end75,85. This 
thermodynamic stability determines whether the pre-miRNA is cleaved by 

Dicer from the 5´ or the 3´ termini82,87. Of the two strands, the guide is 
incorporated into Argonaute protein (Ago) to form the RNA induced silencing 

complex (RISC), while the other, the passenger strand, is degraded8,62,75. 

The guide strand is labelled as a miRNA and denoted with the suffix 5p or 3p 

depending on its origin from the 5´ termini or the 3´ termini respectively88. There 
has been evidence of passenger strand incorporation into RISC for gene 
regulation67,89. However, the guide and passenger strands target different 

genes89. 
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Figure 1.3 The canonical miRNA biogenesis pathway. RNA pol II transcribes 

DNA to produce 200-1000nt pri-miRNA6,8,74,75. Pri-miRNA is then cleaved by the 

microprocessor complex composed of Drosha and DGCR8, to form pre-

miRNA75. XPO-5 transports pre-miRNA from the nucleus to the cytoplasm in a 

Ran-GTP dependent manner6,84,85. Pre-miRNA is cleaved of its hairpin loop by 

Dicer and TRBP to form 22nt double stranded miRNA6,7,75. The guide strand, 

determined as the strand with the least stable 5´ end, is bound to Argonaute to 

form RISC and perform gene regulation8,62,75. Created with BioRender.com.
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1.2.2.1 Incorporation into Argonaute and RISC Formation 

Once double stranded miRNA is produced, TRBP and Ago bind to loaded 
Dicer to form the miRNA loading complex75,85. 

The role of Ago proteins is to facilitate post-transcriptional gene silencing by 
binding to ncRNA, such as miRNA90. Although four homologues of Ago are 

encoded for in the genome, only one, Ago2, is functionally active in 
humans85,91,92. The four domains of Ago, the PIWI, MID, PAZ, and N-terminal 

domains, contribute to the formation of RISC81,93. To bind a single strand of 
miRNA, a wedge is formed by the N-terminal which splits the double stranded 

miRNA into two single miRNA strands75,81. The guide strand is then bound by 
the PAZ domain at its 3’ end, and the MID domain at its 5’ end to form the 

foundation of RISC94. Additional factors, such as heat shock protein (Hsp) 90 
and Hsp70 facilitate the functioning of Ago91 and allow for RISC to perform its 

function of post-transcriptional gene regulation81. 

1.2.3 Binding and Regulation of mRNA 

At present, it is estimated that 60% of protein coding genes are regulated by 
miRNAs95 through the binding of miRNAs to the 3´UTR of a mRNA transcript74. 

Binding of RISC to mRNA canonically occurs via Watson-Crick base paring of 
the miRNA seed region to a complementary site within the target mRNA8. Base 

pairing can also occur in a non-canonical manner through the formation of 
Guanine-Uracil pairs96. 

The seed region of the miRNA is classified as the nucleotides located 2-8 base 
pairs from the 5´ end8. The recognition of the miRNA seed region and its 
complementary binding site within the 3´UTR can activate either mRNA decay 

or translational repression97 (Figure 1.4). This is dependent on the extent of 
base pair complementarity within the seed region97. miRNA families consist of 

several miRNAs with comparable seed regions, and typically control similar 
targets8,71. 
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In the case of imperfect base pairing, deadenylases are recruited to RISC via 

Trinucleotide repeat-containing gene 6A (TNRC6A) and Poly(A) Binding Protein 
Cytoplasmic 1 (PABPC) signalling. This results in the shortening of the mRNA 

polyadenosine tail, and subsequent mRNA decay72.  

 

 

Figure 1.4 Simplified diagram of a miRNA seed region (bottom), defined as 

nucleotides 2-8 from the 5´ end of the miRNA, bound to a complementary site 

within the 3´UTR of a target mRNA (top). The mRNA is in the 5´ to 3´ 

orientation, and the miRNA is the 3´ to 5´ orientation. ‘N’ denotes a non-

specified nucleotide. ORF; open reading frame of the target mRNA. Diagram 

sourced from Filipowicz et al98.  

 

1.2.3.1 Control of ncRNA by miRNAs 

The main function of miRNA is to perform post-transcriptional regulation of 

mRNA. However, there is evidence to suggest that miRNA can control other 
RNA subsets, including ncRNA99,100. This has not been thoroughly researched, 

and requires more investigation into the mechanism behind this phenomenon, 
and its effects on the cellular system. 

1.3 miRNA Regulation 

The abundance of miRNA is tightly controlled across the different stages of the 

biogenesis pathway and at the mature level.  
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1.3.1 Control of pri-miRNA 

Several transcriptional regulatory mechanisms control the production of pri-
miRNA, such as transcription factors101 and promoter regions102. miRNAs can 

suppress mRNAs that encode transcription factors responsible for pri-miRNA 
and mRNA production. Thus disruption to this feedback system between 

miRNAs and transcription factors results in the dysregulation of transcriptional 
homeostasis103. Sets of miRNAs may be regulated by the same transcription 

factors, implicating that miRNAs may undergo co-regulation104.  

Methylation of miRNA promoter regions provides greater control over the 

transcription and abundance of pri-miRNA9,105. Transcriptional start sites for 
miRNAs may be influenced by hypermethylation and histone modification, 

resulting in CpG islands103. An altered miRNA methylation pattern has been 
demonstrated to result in an oncogenic phenotype, for example the 

hypomethylation of let-7a-3 in lung cancer106. Therefore, a change in the 
methylation pattern can have a great effect on miRNA abundance and 

contribute to disease development. 

Additionally, the inclusion of several mature miRNA on the same pri-miRNA 

strand allows for co-regulation78,105. In this way, transcriptional activation of one 
miRNA within the strand may result in the upregulation of several miRNAs78.  

Since miRNA are often encoded within protein coding genes, their location 

within the gene transcript is important for their expression. This applies to 
miRNA that span both intronic and exonic regions of the transcript107. In this 

case, alternative splicing of the coding gene may result in the inexpression or 
expression of the miRNA107. 

The rate at which Drosha cleaves pri-miRNA also has an effect on pri-miRNA 
abundance, as a lower cleavage rate would decrease the total number of 

miRNAs progressing through the biogenesis pathway108. Additionally, Drosha 
has been found to cleave separate miRNAs at different efficiencies109. This in 

turn would dictate the amount of the mature miRNA within the cell by 
controlling the rate of its production109. Additionally, this prevents the 
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production of miRNAs that are irrelevant or wrongly annotated109, and thus 

reflect the cell specific miRNA profile. 

1.3.2 Control of pre-miRNA 

Dicer cleavage is rate-limiting and provides a method of controlling the 
abundance of pre-miRNA, and therefore alters downstream mature miRNA 

levels108. The RISC component TRBP allows for the modulation of pre-miRNA 
cleavage and the control of mature miRNA length73. 

1.3.3 Control and Stabilisation of Mature miRNA 

Mature miRNA are at risk of degradation, primarily through the actions of 

exonucleases, scavenger enzymes and RNA degrading enzymes8,95. Mature 
miRNA can also undergo uridylation of their 5´ end, labelling them for 5´ to 3´ 

degradation110. 

Additionally, incorporation into RISC increases the stability of a miRNA111. This 

is due to the protective effects of the Ago lobes, which prevent accession of 
RNA degrading enzymes. The cellular availability of Ago protein is also a 

limiting factor to the abundance of total miRNA in a system111. 

miRNA stability is associated with the rate of production, as miRNAs that 

undergo rapid biogenesis have a high turnover rate112. Rapidly produced 
miRNA are more likely to be oncomiRs, miRNA that target tumour suppressor 

genes112. The reverse is also true, with a decrease in biogenesis correlated with 
decreased turnover. Sequences and motifs within miRNA strands may form 

binding sites for stabilising factors and dictate the location of the miRNA within 
the cell113. Also, the stability of miRNA is cell type specific, adding to the 
complexity of miRNA regulation112.  

1.3.4 Regulation of the Biogenesis Components 

In addition to their direct regulation, the processing and abundance of miRNA 
is also influenced by the control of the biogenesis components. Drosha is 
regulated by Breast Cancer gene (BRCA), Smad proteins, and p53 via the 
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presence of its co-factors p68/p7275,85,114-116. The tumour suppressor p53 

modulates the levels of the RNA helicases p68/p72 to further control Drosha by 
promoting processing, and increasing the transcription of specific 

miRNA75,85,115. Drosha and DGCR8 regulate each other to maintain constant 
levels75,85. High expression of DGCR8 and Dicer triggers a reduction of DGCR8 

production via the suppression of its mRNA117. Following this, lowered levels of 
DGCR8 result in Microprocessor destabilisation and release of Dicer for 

degradation117. Thus, a feedback loop is formed between the two 
microprocessor components, Drosha and DGCR875,117. 

Although it plays an important role, little is known of the control of XPO-5 other 
than its regulation by Dicer85. It has been observed that XPO-5 levels increase 

with cell proliferation, and correlate with an increase in mature miRNA 
abundance114. XPO-5 is also a rate limiting step for the production of mature 

miRNA86. With a reduction in the number of pre-miRNA transported into the 
cytoplasm via XPO-5, the maturation process is slowed, reducing the total 
number of mature miRNAs. 

Like Drosha, Dicer is also regulated by Smad proteins and p53116,118. 
Additionally, the level of Dicer has been shown to increase in response to 

phosphorylation, resulting in an increase in mature miRNA119. Phosphorylation 
of TRBP elevates mature miRNAs associated with cell growth119,120, and 

decreases the expression of Let-773. Dicer levels are also regulated by XPO-5, 
as it was observed that with the knockdown of XPO-5, Dicer mRNA increased 

in the nucleus, followed by a decrease in the formation of the mature miRNA 
complex86,121. 

Several mechanisms are involved in the control of Ago2, which houses the 
mature miRNA. Studies have shown that there is a positive relationship 

between the abundance of mature miRNA and the levels of Ago2119. Similarly, 
the amount of Ago2 within the cytoplasm is a limiting factor for the number of 

miRNA that combine to form RISC122. miRNA biogenesis also has a role in 
Ago2 stability, as it has been demonstrated that a rise in miRNA transcription 

also increases Ago2 abundance123. One study found that the knockdown of the 
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biogenesis components Drosha and Dicer also decreased the amount of 

loaded Ago2 levels, and that this was restored through the introduction of 
mature miRNA123. Therefore, Ago2 stability is mediated by the production and 

presence of mature miRNA123.  

The phosphorylation of the Ago complex at the amino acid cluster 824:834 has 

also been found to mediate mRNA incorporation into the RISC complex124. 
Phosphorylation at this cluster creates a negative charge within the region, 

which prevents mRNA incorporation into the complex, resulting in mRNA 
degradation and Ago2 recycling124. The RISC component TNRC6A also has a 

role in safeguarding Ago-bound miRNA125. 

1.3.4.1 Regulation of the Biogenesis Components by miRNA 

The miRNA biogenesis components are also under miRNA regulatory control, 
forming feedback loops between miRNA production and the presence of 

mature miRNA. Studies have found that Dicer is under the control of several 
miRNA feedback mechanisms. One example is the interaction between the 

RNA binding protein Lin-28, Dicer, and the miRNA Let-7. Lin-28 binds to pre-
Let-7 to prevent Dicer cleavage115. This is complemented via the regulation of 

Lin-28 by mature Let-7116. Additionally, Let-7 has been shown to control Dicer 
levels75,126. In this way, Let-7 and Lin-28 form a feedback loop to control Dicer 
processing, not just specifically for Let-7, but also for overall miRNA 

abundance116. Other miRNAs, miR-103 and miR-107, have been found to 
target the Dicer transcript, therefore altering its abundance, leading to a 

downstream decrease in mature miRNAs127,128. 

Although not direct, miR-138 has been found to control the levels of XPO-5129. 

miR-138 downregulates the expression of the gene Required for Meiotic 
Nuclear Division 5 Homologue A (RMND5A), which typically stabilises the 

expression of the XPO-5 protein129. A lack of RMND5A results in the 
accumulation of pre-miRNAs and un-transported XPO-5 within the nucleus, 

which consequently reduces the abundance of mature miRNAs and Dicer129. 
The Ago2 transcript is also regulated by miRNA, such as miR-184 and miR-
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132, and thus forms a feedback loop between miRNA transcription and their 

cellular presence126.  

1.4 Role of miRNA in disease 

Due to their role in gene regulation, the dysregulation of miRNA has been 
linked to the development of diseased states64,130. Different cell types contain 

varying levels of miRNAs and their targets70,118. In disease, the alteration of 
miRNA levels changes the degree of target regulation, and has implications on 

downstream cell processing and homeostasis74,131. miRNA dysregulation can 
be attributed to several cellular changes, including; the introduction of single 

nucleotide polymorphisms (SNPs) within miRNA or mRNA genes, alterations in 
epigenetic control, transcription factors, and the modification of the miRNA 

biogenesis components132. 

1.4.1 Role in Cancer 

An increasing amount of research has been performed relating the changes in 
miRNA levels to cancer development, and thus miRNAs have been shown to 

have a role in the majority of malignancies133. Their alteration may be due to 
changes in epigenetic control and changes in transcription factor activity. Up 

to 50% of miRNA genes are located in fragile regions that are disrupted in 
cancer70. Thus the loss of mature miRNA expression86 may be the result of the 

deletion of fragile genomic regions containing their corresponding pri-miRNA67. 
Ultimately, an accumulation of these changes within the cell alters the global 

miRNA profile and results in disrupted mRNA expression. 

1.4.1.1 Role of Mature miRNA in Cancer 

miRNAs can be classified as oncomiRs and tumour suppressor miRNAs 
through their respective regulation of tumour suppressor genes and 

oncogenes62. However, some miRNAs can be classified into either group, 
depending on the malignancy133. The upregulation of oncomiRs in the context 
of cancer results in the suppression of tumour suppressor genes and the loss 

of cellular regulatory mechanisms, which contributes to tumorigenesis133. On 
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the other hand, reduced levels of tumour suppressor miRNAs result in the 

elevation of oncogenes, further contributing to cancer development133. 

1.4.1.2 Role of miRNA Biogenesis in Cancer 

Although the exact mechanism behind the dysregulation of miRNAs in cancer 
is relatively unknown, there is some evidence to suggest it may be in part due 

to the regulation of miRNA biogenesis91. The transcription of miRNAs is 
influenced by the absence or mutation of transcription factors85,91. Additionally, 

methylation of the miRNA promoter or coding region has been shown to 
impact downstream tumorigenesis9 and is correlated with advanced stage 

tumours and poor prognosis105 

Several of the miRNA biogenesis components have been classified as tumour 

suppressors. One example of this is Drosha, as a decrease in its expression or 
absence is associated with an increase in invasion, cell survival and 

proliferation, typical of cancer cells115,116. Similarly, increased cell growth is 
associated with the absence of DGCR8115. Alterations in Microprocessor co-

factors, such as p68/p72, disrupt pri-miRNA processing and can be lethal85. 

XPO-5 is another biogenesis component that is classified as a tumour 

suppressor85. In the absence of the transporter, pre-miRNA build up in the 
nucleus, and less are transported into the cytoplasm to complete their 
biogenesis, therefore decreasing mature miRNA levels85,114,115,134. It was found 

that alterations in the coding sequence for XPO-5, as observed in cancer, 
prevent the integration of its Ran transporter component, subsequently 

blocking miRNA binding, and causing a build-up of pre-miRNA in the 
nucleus135. This partially accounts for the increase in pre-miRNA and the global 

decrease in mature miRNA observed in cancers136. Alterations in XPO-5 
expression may also be due to the dysregulation of its post-transcriptional 

control by miRNAs86. 

Dicer is also classified as a tumour suppressor, as its loss has been linked to 

tumorigenesis114,116,137. This is observed in Dicer 1 Syndrome, where the 
mutation or excessive suppression of Dicer increases the risk of tumour 
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development114,115. Also, a decrease in Let-7 and an increase in Lin-28 disrupts 

the feedback mechanism between these two miRNAs and Dicer, resulting in an 
increase in cell proliferation115,116,118.  

Levels of Ago are also impacted in cancerous conditions. Ago levels are 
decreased in hypoxic conditions, leading to changes in cell survival, and 

subsequently contributing to the overall survival of the patient114,115,119. The 
complete absence of Ago is lethal134. As a component of RISC, low levels or 

the complete absence of TRBP also has a downstream effect on the amount of 
mature miRNA116,120. Its absence also increases the risk of cancer development 

through its control of Dicer115,119. 

Thus, the expression and actions of the miRNA biogenesis components have a 

large role in the development or maintenance of oncogenic phenotypes 
through the impedance of miRNA production. 

1.5 Nuclear miRNA 

Although miRNAs perform their canonical function of gene silencing within the 

cytoplasm, active miRNA have also been identified in the nucleus89. The first 
miRNA to be detected in the nucleus was miR-2192,138. Other miRNAs include 

miR-1, miR-206, miR-320, and miR-35189. Recent studies have shown that up 
75% of known miRNAs are present in both the nucleus and the cytoplasm139, 
but the individual role of each of these has not been fully elucidated. Nuclear 

miRNA generally perform post-transcriptional silencing, including that of 
ncRNA139 and other miRNA12,96. In addition, nuclear miRNAs are capable of 

binding to promoter regions within genomic DNA to either enhance or inhibit 
the production of mRNA96. By binding to gene promoter regions, nuclear 

miRNAs may alter histone modification, transcription factor activation, and 
RNA pol II binding and initiation96.  

A study in C. elegans found that the nuclear compartmentalisation of Ago, in 

conjunction with RISC machinery, allowed for the transmission of Ago-bound 
small RNAs to progeny140. This has yet to be shown in human cells, but if it 
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does occur, may explain the inheritance and propagation of miRNA 

dysregulation in cancer cells. 

As well as miRNA, the components of RISC have also been identified in the cell 

nucleus. A study by Gagnon et al. found that the components Dicer, Ago2, 

TNRC6A, and TRBP were all active within the nucleus and form a functional 
complex141. However, the Ago2 loading chaperones Hsp70 and Hsp90 were 

not present in the nucleus, implying that miRNA loading exclusively occurs in 
the cytoplasm141. This brings forward the question of how RISC is transported 

and performs its function in the nucleus. 

1.5.1 Transportation into the Nucleus 

Multiple mechanisms have been investigated to determine how mature 
miRNAs are transported to the nucleus. One such transporter is Importin 8 

(IPO-8), which recognises the Ago2 bound mature miRNA before transferring it 
into the nucleus96,138,142. It is hypothesised that within the cytoplasm, the 
association of Ago2 and a mature miRNA, without the remaining RISC 

components, is the trigger for IPO-8 transport142. 

Another transporter protein, Exportin-1 (XPO-1), has also been found to 

interact with Ago2138, and can also bind to the RISC component TNRC6A into 
the nucleus96. The combination of miRNA bound Ago2 and TNRC6A allows for 

gene regulation and post-transcriptional silencing to occur within the nucleus96. 

In addition to transport proteins, sequence specific movement between the 

cytoplasm and the nucleus has also been observed. Of the miR-29 group, miR-
29b is the only member to be located within the nucleus143. It was discovered 

that the 3´ sequence of miR-29b, AGUGUU, was not present in miR-29a and 
miR-29c143. It was this sequence that allowed miR-29b to exclusively move into 

the nucleus143. Therefore, on a broader scale, certain motifs within miRNA may 
allow for movement between the cytoplasm and the nucleus for post 

transcriptional silencing. 
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1.5.2 Role of Nuclear miRNA in Cancer 

Due their role in binding to promoter regions and controlling mRNA production, 
changes in nuclear miRNA may also contribute to tumorigenic characteristics96. 

Nuclear miRNAs have been observed in several malignancies, including 
metastatic breast cancer144, acute monocytic leukaemia145, and 

nasopharyngeal squamous cell carcinoma (NPSCC)146. This is resultant of the 
aberrant modulation of tumour suppressor genes and oncogenes by miRNA at 

the promoter level96. 

Nuclear miRNA may be involved in cellular transformation and proliferation in 

cancer. One example of this is the dysregulation of miR-483, as observed in 
Wilms’ tumours, which upregulates the expression of insulin-like growth factor 

(IGF2), resulting in changes to the migratory and invasion capacity of malignant 
cells96,145. Other examples of aberrant nuclear miRNAs observed in cancer 

include miR-9, miR-10a, and miR-100 in metastatic breast cancer144,145, and 
miR-337-3p and miR-558 in neuroblastoma96,145. Although nuclear miRNAs 

have been documented in NPSCC cells, this has not been recorded for other 
HNSCC subtypes146. Given nuclear miRNAs have an effect on tumorigenic 

pathways, it is important that this is investigated in HNSCC. 

1.6 miRNA in HNSCC 

Due to their role in cancer development, the miRNA profile has been 
investigated in HNSCC in both cell lines and patient samples147. A recent meta-

analysis found that miR-21-5p and miR-31-5p were the most commonly 
identified dysregulated miRNA within the investigated datasets148. Although 
these studies have identified dysregulated miRNAs and their potential targets, 

there is inconsistency in the reported miRNA. This is most likely due to the 
heterogenic nature of HNSCC66. Additionally, the variation in experimental 

detection methods and analytical processes across studies may provide an 
explanation for the discrepancies in the reported miRNA148. The presence or 

absence of miRNAs in HNSCC could be used to guide cancer treatment and 
predict an individual’s therapeutic response149. 
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miRNA levels have been found to vary with increasing distance from the 

primary tumour site. A recent study found that by 2 to 3cm from HPSCC cells, 
the percentage of the oncogenic miRNAs miR-21, miR-27a and miR-221 

decreased to 15% of all miRNAs, compared to 50% of all miRNAs in the 
cancerous tissue150. This indicates that the miRNA profile of both the tumour 

and the surrounding tissue could be used to detect micrometasases, and give 
a greater indication of the spread of disease and the cancer subtype150. 

1.6.1 OncomiRs in HNSCC 

OncomiRs are miRNAs that target tumour suppressor genes. Several 

OncomiRs have been identified in HNSCC such as Let-762,75,151, miR-155151-153, 
miR-3462,99, and miR-2160,147.  

An upregulation in Let-7 has been identified in both HNSCC patients and cell 
line samples62,75,151. Due to the role of Let-7 in controlling Dicer activity, a 

change in its expression would have implications on pre-miRNA cleavage and 
the overall abundance of miRNAs116,126. However, other studies have reported 

decreased levels of Let-7, which was correlated to poor survival7,59 and an 
increase E2F Transcription Factor 1 (E2F1)66.  

miRNA have been shown to distinguish between HPV positive and HPV 
negative disease. One such miRNA, miR-34a, has been linked with HPV-
seropositivity62. Other members of the miR-34 family indicate other aspects of 

HNSCC as miR-34b was correlated with p53 expression152 and decreased 
expression of miR-34c-5p was indicative of increased disease free survival and 

overall survival154. Another oncogenic miRNA, miR-155, has been reported to 
be six times higher in HNSCC tissue than the surrounding non-diseased 

area153. 

miR-21 is one of the most commonly upregulated miRNAs in cancer, and has 

been found to be consistently upregulated in HNSCC60,75,155,156. The expression 
of oncogenic miRNA in HNSCC patients may be used in a clinical setting, as 

the ratio of miR-21 to let-7 has recently been found to delineate tumour 
tissue154. 
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1.6.2 Tumour Suppressor miRNAs in HNSCC 

Tumour suppressor miRNAs typically have oncogenic targets, and have been 
thoroughly investigated in HNSCC. One of these is miR-375, which has been 

found to have a 32-fold decrease in expression in HNSCC, particularly in HPV 
negative tumours60,147,152. Due to its role in cell development, growth and 

apoptosis, the dysregulation of miR-375 is linked to poor outcome and 
survival147,152.  

Additional tumour suppressor miRNA include miR-494 and miR-138. MiR-494 
is encoded in a region of the genome that is regularly deleted in HNSCC 

patients151. Its absence has been implicated in epithelial to mesenchymal 
transition (EMT) in HNSCC157. A decrease in miR-138 expression results in 

alterations in Vimentin (Vim), Zinc Finger E-Box Binding Homeobox 2 (ZEB2), 
Enhancer of Zeste 2 Polycomb Repressive Complex 2 Subunit (EZH2) and E-

cadherin (E-cad), all of which are involved in EMT157. In this way, the 
dysregulation of miR-138 promotes migration and invasion of neoplastic cells. 

Other downregulated miRNA include miR-125b, miR-99a, and miR-100152,156. 
Tumour suppressor miRNAs therefore have a major role in the aetiology of 

HNSCC. 

Known oncomiRs and tumour suppressor miRNAs in HNSCC, and their 
targets, are shown in Table 1.1 below. 
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Table 1.1 Known oncomiRs and tumour suppressor miRNAs in HNSCC, and 

their role in cancer development.  

OncomiRs Tumour suppressor miRNAs 
miRNA Effect on Cancer 

Development 
miRNA Effect on Cancer 

Development 
Let-7  Let-7 Decrease in expression 

correlated to poor survival59 
miR-21 Cell proliferation, 

invasion, metastasis, 
5-year poor 
survival149,158 

miR-99 Growth signalling, survival132 

miR-31 Target tumour 
suppressor mRNA, 
decrease survival159 

miR-100 Involved in the 
phosphatidylinositol 3-kinase 
(PI3K)/protein kinase B (AKT) 
pathway, linked to invasion and 
apoptosis160 

miR-34 Involved in EMT 
pathway161 

miR-
125b 

Targets p53 to affect cell 
proliferation132,160, Controls 
Epidermal Growth Factor 
Receptor (EGFR)59 

miR-
205 

Targets Phosphatase 
and tensin homolog 
(PTEN), indicates 
lymph node 
involvement59 

miR-145 
& miR-
143 

Target p53 and c-myc, 
absence affects cell cycle, 
apoptosis and metabolism158 

miR-
223 

Proliferation and 
migration 
suppression160 

miR-
106b 

Cell cycle regulation, absence 
halts the cell cycle and 
promotes invasion147. 

  miR-138 Targets the EMT pathway, 
enhances metastasis via the 
apoptosis pathway161 

  miR-374  
  miR-375 Tumour aggressiveness160, 

inhibit cell proliferation and 
decrease apoptosis158, 
decrease in survival132 
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1.6.3 miRNA Biogenesis in HNSCC 

In addition to changes in the miRNA profile, aberrations in the biogenesis 
components have also been observed in HNSCC. Low expression of both 

Dicer and Drosha were detected in NPSCC patients, and have been correlated 
with stage III and IV disease162. A reduction in the expression of both Drosha 

and Dicer has negative implications on global miRNA abundance. As a 
consequence, mRNA dysregulation leads to the development of an aggressive 

and poorly differentiated cell phenotype162. Therefore, the absence of the 
miRNA biogenesis components impacts overall survival162. 

In HNSCC, there is an observed increase in XPO-5 due to a decrease in miR-
13886. miR-138 targets RMND5A, which is required for the control of XPO-

586,129. Thus a decrease in miR-138 results in the increase of XPO-5 levels86. 
Phosphorylation, isomerisation, and mutational truncations of XPO-5 also 

result in a decrease in mature miRNA86. Therefore, changes in XPO-5 
expression have subsequent effects on cell growth and proliferation85. 

1.6.4 miRNA Alterations in HNSCC Due to Risk Factor Exposure 

miRNA changes have been observed in response to specific risk factors5. A 

recent study found 17 upregulated and 19 downregulated miRNAs in relation 
to smoking status in HNSCC5. Downregulated miRNAs included miR-101 and 

miR-375, which were associated with higher tumour stage and poor patient 
outcomes. The identified upregulated miRNAs were also correlated with 

oncogenic and metastatic phenotypes5. Little is known about the miRNA 
response to high alcohol consumption except that it elevates the levels of miR-
375, which is contradictory to the decrease in miR-375 associated with 

tobacco smoking132. 

miRNA alterations are also observed in response to HPV infection. Multiple 

studies have reported that the upregulation of miR-9 is correlated with HPV 
positive HNSCC163,164, as well as miR-363, and the miR-15a/16/195/497 

family164,165. Studies have shown that miR-363 expression is modulated by the 
presence of the HPV gene, E6166. Another recent study observed that miR-496 
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expression was decreased by E6, which resulted in an oncogenic 

phenotype167. Other miRNAs downregulated with HPV infection include miR-
29a, miR-155, miR-181a, miR-181b, and miR-218164. 

1.7 miR-21 and its Role in Cancer 

miR-21 is located within an intron of the transmembrane protein 49 (TMEM49) 

gene on chromosome 17161. MiR-21 is one of the most upregulated miRNAs in 
cancer147,168, including breast, colorectal, lung102, and pancreatic cancer6,147,155, 

glioblastoma169, and HNSCC170,171. It is the only miRNA to be upregulated in 
nine solid tumours, meaning it is a dominant oncomiR172. miR-21 

overexpression is also correlated with poor chemotherapy response and poor 
overall survival159. Due to its role in cancer development, it is a biomarker for 

both survival and treatment outcome168. 

1.7.1 Targets of miR-21 

Most miR-21 targets are classified as tumour suppressor genes. Therefore, 
their decrease as a result of miR-21-mediated suppression results in increased 

cell growth, cell proliferation, and invasion, typical of cancer cells102. These 

include: Sprouty RTK Signalling Antagonist 2 (SPRY2)168,173, Tropomyosin 1 

(TPM1)174, p53168, Phosphatase and Tensin Homologue (PTEN)168,175, and 
Programmed Cell Death 4 (PDCD4)84,168. 

1.7.2 Role of miR-21 in HNSCC 

High levels of miR-21 have been observed across most subsets of HNSCC176. 

Typically, miR-21 expression in HNSCC is 3.5-fold higher than that of 
surrounding, non-cancerous tissue147. Elevated levels of miR-21 have been 

correlated with HNSCC tumour stage177, cellular differentiation178, cell growth, 
as well as lymph node involvement, and severity of disease6,7,179. 

One target of miR-21 which is key to cancer proliferation and progression is 
PDCD4. In HNSCC, miR-21 upregulation had a negative correlation with the 

presence of PDCD4 in the cytoplasm178. PDCD4 is a tumour suppressor gene, 
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and a decrease in its abundance impacts cell proliferation, metastasis and 

cellular transformation172,180. PDCD4 levels in HNSCC can give an indication as 
to the progression of the cancer, and survival180. Both a decrease in PDCD4 

expression and an increase in miR-21 were correlated with metastasis, poor 
survival, and advanced tumour stage180. An additional study conducted by 

Zhang et al. demonstrated that miR-21 and another miRNA, miR-499, co-

operate in suppressing the expression of PDCD4 in HNSCC to promote 
tumorigenesis181. 

Other targets of miR-21 involved in HNSCC carcinogenesis include Reversion 
Inducing Cysteine Rish Protein with Kazal Motifs (RECK), TPM1, and Nuclear 
Factor I B (NFIB)147. Therefore, because miR-21 is highly correlated with the 

molecular progression of cancer, its levels can be utilised as a prognostic and 
tumour stage marker in HNSCC176,177. 

1.8 miRNA:miRNA interactions 

Section 1.8 consists of a Review published in Disease Models and 

Mechanisms. 

Hill, M. & Tran, N. miRNA interplay: mechanisms and consequences in cancer. 

Disease Models & Mechanisms 14, dmm047662 (2021)182. 

1.8.1 Introduction 

MicroRNAs (miRNAs) have emerged as an interesting area of basic and 
translational biomedical study due to their influence on gene expression, 
robust presence in bodily tissues and fluids, and their potential usefulness as 

disease biomarkers 183,184. The canonical role of these small non-coding (nc) 
RNAs is to influence messenger RNA (mRNA) via recognition sites in the 3´-

untranslated region (UTR) and regulate its stability 69. miRNAs primarily affect 
gene expression levels via targeting mRNA. Any changes in miRNA expression 

may have consequences on the extent of target regulation, and thus influences 
cell homeostasis 130,131. Therefore, the relative levels of miRNA and 

consequently mRNA have a major role in carcinogenesis and other diseases. 
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The biogenesis of miRNAs follows a series of cleavage stages in the nucleus 

and in the cytoplasm. The primary (pri)-miRNA transcript is cleaved in the 
nucleus by Microprocessor, a catalytic complex composed of Drosha and Di 

George Critical Region 8 (DGCR8) 185,186. Recent reports have shown that the 
stem-looped pri-miRNA is correctly oriented for cleavage through the 

interaction of Drosha with the basal UG motif and alignment of the DGCR8 
dimer with the apical UGU motif 187. Microprocessor cleavage forms precursor 

(pre)-miRNA, which is transported into the cytoplasm by Exportin-5 188. It is 
here that Dicer cleaves pre-miRNA 189, and the resulting double stranded 

mature miRNA is subsequently bound by Argonaute (AGO) 190. The guide 
strand remains bound to AGO to form the miRNA-induced silencing complex 

(miRISC), while the passenger strand, denoted by miRNA*, is removed and 
degraded 191.  

The main role of miRISC is to enable the RNA interference pathway, whereby 
the seed region of the miRNA, nucleotides 2-8 from the 5´ end 192, recognises 
Watson-Crick binding sites in the 3´ untranslated region of mRNA 193. Although 

mature miRNAs are generated in the cytoplasm, studies have shown that up 
75% of known mature miRNAs are present in both the nucleus and the 

cytoplasm 141. Nuclear miRNAs, their nuclear import mechanisms and 
regulatory action has been the topic of several other reviews 96,139,194,195. 

While the main role of miRNAs is to perform post-transcriptional gene 
regulation, their control of other non-coding RNAs has reshaped our 

understanding of RNA biology. miRNAs have been found to interact with long 
non-coding RNAs (lncRNA), circular RNA (circRNA), and pseudogenes to either 

induce miRNA suppression or increase cellular competition for miRNA binding 
sites 196-198. In this review, we summarise the recent studies that have 

demonstrated how miRNAs can in fact regulate non-coding RNAs, with a 
particular focus on their control of other miRNAs. The molecular process of 

miRNA regulation via another miRNA has been previously termed a 
miRNA:miRNA interaction 199. Here we discuss the mechanisms behind 

miRNA:miRNA interactions, their role in cancer pathogenesis, and the pitfalls of 
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current investigative methods. For more information about miRNA interactions 

with other non-coding RNAs, we point the readers to excellent reviews on this 
topic 198,200-202. 

1.8.2 The Discovery miRNA:miRNA Interactions 

Complementary miRNA pairs in Drosophila were first noted in 2004, whereby 

Watson-and-Crick binding was used to identify pairing between miR-5 and 

miR-6, and miR-9 and miR-79. The binding between these miRNA pairs was 
predicted to be stronger than that between the guide miRNA and passenger 

miRNA* strands 100. The authors of this study and other groups proposed that 
the formation of complementary miRNA pairs would increase their stability, or 

prevent target regulation 100,203. 

The identification of these miRNA pairs was based on sequence analysis, and 

was not confirmed in vitro. Nevertheless, this study theoretically established 
that miRNAs could bind to other miRNAs and non-coding RNAs, and 

suggested how this may alter homeostatic gene regulation 100. Subsequent 
work, discussed below, has determined the occurrence of miRNA:miRNA 

interactions in vitro under several different mechanisms. MiRNA:miRNA 

interactions have wide-reaching impacts on cell functionality, and are believed 
to add another layer to miRNA and mRNA regulation. 

1.8.3 Direct miRNA:miRNA interactions 

As it implies, direct miRNA:miRNA interactions occur when a miRNA binds 

another in a complementary fashion. This has been demonstrated between two 
mature miRNAs in the cytoplasm 99,100, or involving a mature and pri-miRNA 

within the nucleus 11,12,204-206  (Figure 1.5). 
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Figure 1.5 Direct miRNA:miRNA interactions. These occur either between two 

mature miRNAs in the cytoplasm or a mature and a primary miRNA hairpin in 

the nucleus. These nuclear interactions typically prevent the binding of 

Microprocessor and thus block the maturation of the primary miRNA, reducing 

its levels and preventing the silencing of its target mRNA. The cytoplasmic 

interaction between two mature miRNAs is sequence-specific and brings 

together two miRNA-bound RISC complexes. However, the functional 

consequences of this interaction on RISC activity are not fully understood. 

 

1.8.3.1 Mechanism of action 

Several studies have investigated the direct binding between miRNAs as a 
mode of miRNA:miRNA interaction. The first of these determined that miR-424 

and miR-503 both directly regulate miR-9 via recognition sites in its pri-miRNA 
form 204. Although not stated directly, the targeting of pri-miR-9 implies that this 

particular interaction occurs within the nucleus. MiR-424 and miR-503 are both 
classified as differentiative miRNAs, meaning that they promote cellular 

differentiation, whereas miR-9 is anti-differentiative. The downregulation of 
miR-9 by miR-424 and miR-503 thus suppresses its ability to maintain the cell 
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in an undifferentiated state, and promotes cell lineage commitment and growth 
204. 

A pivotal discovery in mice, whereby miR-709 bound the primary transcript of 

miR-15a/16-1 in the nucleus to modulate its production 12, introduced the 
concept of a miRNA hierarchy, in which an initial group of specific miRNAs are 

responsible for the wide-spread post-transcriptional control of miRNAs. This 
induces the expression of a secondary level of miRNAs to continue the 

cascade of post-transcriptional regulation. This study also indicated that 
miRNA:miRNA interactions can influence the biogenesis pathway, and thus 

alter miRNA production 12. 

Several important facets of miRNA:miRNA interactions were uncovered in a 

communication by Zisoulis et al. This study demonstrated that the mature C. 
elegans miRNA Let-7 could bind to and regulate pri-Let-7 to promote its 

production, forming a positive feedback loop 11,85,207. Since the cleavage of 

primary miRNAs occurs in the nucleus, this discovery suggests that mature 
miRNAs can migrate to the nucleus to perform their regulatory role, sparking 

further investigation into nuclear miRNAs 11,138. Additionally, this study also 
demonstrates that miRNAs can regulate their own production via the control of 

their mature form. As such, miRNA:miRNA interactions may have a role in 
auto-regulation. 

Two studies focused on miRNA:miRNA interactions have demonstrated that 
the recognition and binding of a mature miRNA to a pri-miRNA impedes 

Microprocessor attachment and prevents pri-miRNA cleavage, decreasing its 
abundance. Analyses of murine cardiomyocytes found that the pri-miR-484 

sequence contains a binding site for miR-361 within its transcript, and that this 
binding prevented pri-miR-484 cleavage by Drosha within the nucleus, which 
prevented cardiomyocyte apoptosis 208. A recent report found that miR-122, 

which is commonly expressed in the liver, regulated miR-21 expression by 
controlling the expression of its primary transcript. The miR-122 recognition 

site within the pri-miR-21 transcript lies within the region recognised by 
Drosha, and binding of miR-122 to pri-miR-21 blocks Drosha cleavage and 
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processing, ultimately reducing the amount of mature miR-21 within the cell 205. 

This mechanism has significant implications for cell growth and proliferation, 
as miR-21 is a known regulator of the tumour suppressor Programmed Cell 

Death 4 (PDCD4) 172,205. This was most evident in the hepatoma mouse model, 
where the addition of miR-122 and mutant pri-miR-21 increased tumour 

growth compared to wild type pri-miR-21. The mutation of pri-miR-21 in this 
case prevented miR-122 directed downregulation, and increased overall miR-

21 levels to promote tumour development 205. These examples of miRNA 
binding sites within pri-miRNA sequences indicate that miRNAs acting in the 

nucleus may interfere with miRNA production, especially through blocking 
Drosha cleavage. This may indicate a wider mechanism for the regulation and 

coordination of miRNA expression. 

Another manner of direct miRNA:miRNA interactions is through the recognition 

of complementary sequences within two mature miRNAs. For example, miR-
107 binds to a complementary sequence within the tumour-suppressing 
miRNA let-7, resulting in the suppression of the mature let-7. The duplex 

formed by these two mature miRNAs has a series of bulges within its structure, 
of which the internal loop is vital for the interaction 99. However, this interaction 

raises questions as to how two mature miRNA may undergo binding whilst 
bound by miRISC, and the actions of the miRISC components. A study 

showed that amino acid residues within Argonaute 2 (AGO2) can allow for 
miRNAs to bind to non-canonical targets and aids in miRNA cooperation 209. 

Although this hasn’t yet been tested in the context of miRNA:miRNA 
interactions, it may be that this mechanism is responsible for the binding of 

two AGO2 complexes. Additionally, several studies on miRNA:miRNA 
interactions have put forward the notion that they may increase the stability of 

miRISC. Canonical binding to a target often results in miRISC stabilisation, and 
non-canonical binding in destabilisation 93. Thus, direct binding of two miRNAs 

may aid stabilisation and the prevention of miRNA degradation. 

These examples show the variability of miRNA:miRNA interactions and raise 

questions relating to the extent of this mode of regulation among pri-miRNA 



 

 37 

and mature miRNA. Additionally, the precise mechanisms by which nuclear 

miRNAs perform post-transcriptional silencing, including that of other miRNAs 
11,12,205,208, remains to be fully understood. Since multiple studies describe the 

binding of mature miRNAs to the pri-miRNA strands, it is possible that this 
binding mechanism represents a wider mode of miRNA regulation that is yet to 

be thoroughly explored. The mechanism behind the binding of two mature 
miRNAs and how this modulates the RISC components of both miRNAs has 

also not yet been explained. 

1.8.3.2 Impact on Disease 

Several direct miRNA:miRNA interactions have been implicated in disease 
development. The mature let-7 miRNA is controlled by miR-107. Since let-7 is 

a tumour suppressor, its downregulation and suppression by miR-107 leads to 
an increase in the abundance of its target oncogenes, contributing to 

downstream tumorigenesis 99. Similarly, due to the role of miR-484 in 
cardiomyocyte apoptosis 210, the direct interaction between miR-361 and miR-

484 has implications on cardiac diseases such as myocardial infarction 208. 
Additionally, the downregulation of pri-miR-9 by miR-503 and miR-484 

promotes cellular delineation 204. If this interaction is disrupted, miR-9 is 
upregulated, leading to an undifferentiated state typical of cancer cells. 

Another oncogenic miRNA, miR-21, is overexpressed in most solid 

malignancies. In non-cancerous liver cells, miR-21 is under miR-122-mediated 
inhibition, which increases the expression of the miR-21 target gene PDCD4, 

controlling cell proliferation. However, if miR-122 regulation is lost, miR-21 
expression increases, leading to a decrease in PDCD4 levels and thus 

contributing to a cancer phenotype 172,205. miR-21 upregulation affects cell 
proliferation and size, and allows for the continued growth and survival of 

cancer cells. Therefore, the miRNA:miRNA interaction between miR-122 and 
pri-miR-21 is vital in controlling cellular homeostasis, the cell cycle, and the 

prevention of oncogenic changes.  
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As many of the miRNA:miRNA interactions discussed involve the 

transportation of a mature miRNA to the nucleus to regulate a pri-miRNA, it is 
important to determine if miRNA transport is altered in cancerous cells. A 

disruption in nuclear import of miRNAs would prevent pri-miRNA targeting, and 
may alter the expression of their target miRNAs and mRNAs, thus adding to 

the cascade of oncogenic alterations. An example of this has already been 
demonstrated, whereby the knockdown of Importin 8 prevented miR-709 

transport into the nucleus, subsequently increasing the levels of miR-15a/16-1 
142. Further studies are recommended to determine the nuclear and 

cytoplasmic distribution of miRNAs in cancerous cells compared to normal 
physiological levels to assess if there is an impact on miRNA and mRNA 

expression. 

1.8.4 Indirect miRNA:miRNA interactions 

Although the several studies discussed have shown that miRNAs are capable 
of directly regulating miRNAs at different stages of their biogenesis, 

miRNA:miRNA interactions can also occur through indirect means (Figure 1.6). 
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Figure 1.6 Indirect miRNA:miRNA interactions. These interactions occur 

through the miRNA directed suppression of the miRNA biogenesis components 

or transcriptional regulators. The suppression of the biogenesis components 

has consequences on the production of specific miRNAs, rather than the 

expected negative effect on overall miRNA production. Targeted transcriptional 

regulators may include transcription factors, DNA methyltransferases, and 

repressors. 

 

1.8.4.1 Role of Transcription factors 

One of such pathways for miRNA:miRNA interactions is the control of 

transcription and its impact on miRNA production. In this model miRNAs target 
the 3´UTR’s of transcriptional regulators, such as transcription and methylation 

factors, and induce changes in their expression. In this way, a miRNA may 
modulate the expression of another miRNA by controlling its transcription or 
regulatory pathways as part of a gene regulatory network 101. Consequently, 

this miRNA:miRNA interaction is caused by secondary transcriptional control, 
rather than a direct interaction. 

The first example of such regulatory network was demonstrated in murine adult 
cardiac muscle cells, whereby miR-208a modulated the transcription of miR-



 

 40 

208b and miR-499 211. Here, the miRNAs are encoded within the introns of 

various myosin genes. MiR-208a, encoded within a fast myosin gene, is 
capable of negatively regulating the repressors responsible for silencing the 

expression of slow myosin gene transcripts containing miR-499 and miR-208b. 
An increase in miR-208a reduces the availability of slow myosin gene 

repressors, and thus an upregulation in miR-499 and miR-208b. In the heart, 
miR-208b upregulation requires the additional presence of stress signals such 

as calcium or hypothyroidism, but the activation of miR-499 does not require 
outside stimulus. An increase in these miRNAs induces the expression of slow 

muscle genes via the targeting of repressors. Activation of the slow muscle 
genes amplifies the signal for the expression of the genes containing miR-499 

and miR-208b. This ultimately forms a positive feedback loop that allows for 
accurate modulation of miRNA levels with respect to alterations in the 

physiological environment and thus for the regulation of muscle contractility 211. 
This was the first study to introduce the concept of miRNA modulation via the 
miRNA-mediated control of transcription factors and repressors 10,211.  

An auto-regulatory loop has been discovered involving miR-20a and the 
transcription factors of the E2 Factor (E2F) family, which are essential cell cycle 

and apoptosis regulators. In this feedback mechanism, the miR-17-92 family, 
containing miR-20a, regulates the expression of the E2F genes 212. 

Simultaneously, the E2F members E2F1, E2F2 and E2F3 activate the 
expression of miR-20a by binding to its promoter. In this way, an increase in 

miR-20a levels suppresses the production of the E2F transcription factors, 
subsequently decreasing the miR-20a transcription. The authors proposed that 

the primary role of this mechanism is to modulate the expression of the E2F 
genes to prevent apoptosis 212. However, this feedback loop also highlights 

indirect miRNA auto-regulation mediated by transcription factors. 

A recent study in lung cancer cells found that the tumour suppressor miR-660-

5p controls the expression of miR-486-5p via Mouse Double Minute 2 (MDM2) 
and p53 213. In this model, miR-660 silences its direct target MDM2, which 

consequently results in an increase in p53 213. Since p53 is a transcription 
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factor involved in miRNA biogenesis, and is a potent tumour suppressor, its 

activation upon MDM2 silencing initiates the transcription of miR-486-5p, miR-
29, and the miR-34 family 213. Therefore, this network demonstrates the wider 

impact of miRNA:miRNA modulation via their control of transcriptional 
regulation. 

In addition to the modulation of transcription factors, miRNAs may affect the 
production of other miRNAs by inducing changes in epigenetic markers. A 

study in tongue squamous cell carcinoma tissues demonstrated that miR-29b 
downregulates the DNA methyltransferase gene DMNT3B, which in turn alters 

the methylation pattern of the miR-195 promoter. This induces an increase in 
miR-195 production, generating a positive regulatory system where 

upregulation of miR-29b increases the levels of miR-195. Since both miRNAs 
are tumour suppressors that are downregulated, this mechanism may offer a 

therapeutic window for tongue squamous cell carcinomas 214. These examples 
show how indirect control of miRNAs via transcription factors, promoters, and 

epigenetics has wider implications on miRNA expression and the capacity to 
influence several cellular pathways, including those in cancer development 215. 

1.8.4.2 Role of miRNA biogenesis components 

miRNAs can regulate the expression of miRNA biogenesis pathway 

components, which been shown to affect the production of several miRNAs, 
and may affect the overall abundance of miRNAs in a cellular system. A study 

in epithelial ovarian cancer showed that miR-98-5p can regulate the expression 
of miR-152 by targeting the mRNA transcript of Dicer, forming an indirect 

miRNA:miRNA interaction 216. This study demonstrated that miR-152 levels 
change in response to both miR-98 overexpression and Dicer knockdown. 

However, due to the involvement of Dicer in this pathway, it would be expected 
that the expression levels of most miRNAs would change 137, and that this 

mode of regulation would not be limited to miR-152. 

Another study has also investigated an indirect miRNA:miRNA interaction 

involving the biogenesis pathway member AGO2. It was found that within 
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human dermal lymphatic endothelial cells, miR-132 suppressed AGO2 when 

activated by phorbol myristate acetate (PMA). Conversely, inhibition of miR-
132 resulted in an increase in AGO2. PMA activation of miR-132 also resulted 

in the decrease in miR-221 and an increase in miR-146a. Again, the inhibition 
of miR-132 elevates miR-221 and miR-146a. These miRNAs demonstrated a 

decreased mature-to-pre miRNA ratio in response to decreased AGO2, 
meaning that their mature strands were less abundant 126. However, the study 

also highlighted that other regulatory mechanisms may also contribute to the 
observed changes in miR-221 and miR-146a 126. The interactions between 

these miRNAs has consequences on inflammation and angiogenesis, as the 
pro-angiogenic miR-132 promotes a decrease in the anti-angiogenic miR-221 

and an increase in the inflammatory related miR-146a 126. 

These findings highlight that, although the downregulation of the miRNA 

biogenesis components by miRNAs themselves may result in a global 
decrease in miRNA abundance, researchers more commonly observe that this 
mechanism only affects a select number of miRNAs. For several members of 

the biogenesis pathway, such as Drosha, miRNA target sites have yet to be 
experimentally validated 217,218. It is suggested that if Drosha was negatively 

regulated by miRNAs, that this would have a miRNAome wide impact due to its 
key role in miRNA production. It is also apparent across the literature that there 

is a lack of understanding of the overall effect that alterations in miRNAs and 
their production has on cellular interactions and functioning. 

1.8.4.3 Impact in cancer 

Several miRNA:miRNA interactions are integrated into pathways that are 

critical to cancer progression. Such interactions include that between miR-205 
and miR-184, which mediates the levels of the lipid phosphatase SH2-

containing phosphoinositide 5´-phosphate 2 (SHIP2) 219. Both these miRNAs 
have overlapping binding sites within the 3´UTR of SHIP2, whereby miR-184 

mediates miR-205-driven suppression of SHIP2 by blocking access to the 
binding site without inducing regulation. However, an increase in miR-205 and 

a decrease in miR-184, which thus also decreases SHIP2, are observed in 
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cancer, particularly corneal squamous cell carcinoma 219. This has implications 

on cellular proliferation, growth and apoptosis due to the involvement of SHIP2 
in the Akt pathway, implying that this miRNA:miRNA interaction is a major 

contributor to the cancerous phenotype. 

The previously described miRNA:miRNA interaction involving miR-660-5p, 

MDM2 and miR-486-5p was proposed as a potential targeted therapy for lung 
cancer via the stabilisation of the tumour suppressor p53 213. P53 is, among its 

other functions, involved in the PI3K-Akt pathway, and is commonly 
dysregulated in cancer. As such, the disruption of this pathway results in p53 

instability, which has downstream effects on cancer development. Borzi et al. 
proposed that induction of miR-660-5p be utilised as a potential therapeutic, 

as its suppression of MDM2 would effectively stabilise p53, reducing tumour 
growth 213. 

Similarly, the indirect interaction between miR-98 and miR-152 through the 
regulation of Dicer discussed above 216 has implications on chemotherapy 

resistance in epithelial ovarian cancer. In this cancer type, high levels of miR-
98 were observed in conjunction with low miR-152 levels, which results in the 

upregulation of the DNA repair gene RAD51, promoting chemotherapy 
resistance 216. Mouse in vivo models showed that tumours treated with miR-

152 and Cisplatin were significantly smaller and showed decreased cell 

proliferation compared to those that were treated with miR-152 or Cisplatin 
alone 216. This study demonstrates that miRNA:miRNA interactions also 

contribute to the morphology and the therapeutic resistant characteristics of 
cancer cells. 

The oncogenic miRNA miR-21 has been found to be involved in several 
miRNA:miRNA interactions, for example perpetuating tumorigenic changes 
through its indirect regulation of miR-145 expression in colon cancer 220. An 

increase in miR-21 initiates K-Ras signalling, activating the transcription factor 
Ras-responsive element binding protein (RREBP), which in turn inhibits the 

transcription of miR-145 220. Therefore, the increase in miR-21 observed in 
cancer results in the decreased expression of miR-145, amplifying oncogenic 
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changes. Additionally, miR-21 levels are influenced by the targeting of its 

primary strand by miR-122 to prevent oncogenic changes in liver cells 205. 

1.8.5 Global miRNA:miRNA Interactions 

We have discussed the idea that one miRNA could modulate the expression of 
several others, or an entire miRNA family 213. However, little research has 

focused on the impact of a miRNA on the global miRNA expression in a cellular 
system (Figure 1.7). 

 

 

 

Figure 1.7 Global miRNA:miRNA interactions are due to the culmination of the 

reactions within the cell that control miRNA expression. This considers all direct 

and indirect changes in miRNA and mRNA expression in response to an 

perturbation in miRNA expression. Full comprehension of the complexity of 

miRNA:miRNA interactions in a cellular system involves the integration of 

several mechanisms, and the consideration of resultant secondary changes in 

miRNA and mRNA. 
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Higher order miRNA:miRNA interactions were addressed in murine cardiac 

cells in a seminal study published by Matkovich et al., in which the 

downstream miRNA and mRNA changes were measured in response to miR-
499 and miR-378 13. Transgenic overexpression of miR-499 upregulated 11 

miRNAs and downregulated 6 miRNAs, whereas miR-378 upregulated 18 
miRNAs and downregulated 31 miRNAs. Although not directly, the results 

suggest that both miR-499 and miR-378 influence the transcription of other 
cardiac miRNAs, as the stability and the guide-to-passenger strand ratio of the 

target miRNAs were not affected 13. Of affected miRNAs, 13 miRNAs were 
encoded within genes that were targeted directly by miR-499 or miR-378, and 
were thus co-regulated in the transgenic models, explaining the mechanism 

behind a fraction of the regulated miRNAs. It is suggested that the remaining 
changes in miRNAs were as the result of miR-499 and miR-378 target 

deregulation. It was noted that, miR-378 suppresses MAF bZIP transcription 
factor (MAF) and RAR Related Orphan Receptor A (RORA) transcription 

factors, resulting in a decrease in miR-99. As a consequence, 31 miR-99 
targets are deregulated indirectly by miR-378 13. It was also found that in the 

miR-499 model, 76 downregulated mRNAs (7.8%) were targets of miR-499 
and 298 (31%) were targets of the upregulated miRNAs. It was suggested that 

the remaining 595 (75%) downregulated mRNAs were the result of secondary 
miRNA changes. This was an instrumental study for the field, as it established 

that alterations in miRNA levels have a global impact on the miRNA 
environment, resulting in secondary mRNA and miRNA changes. Thus, this 

study broadens our understanding of the mechanisms that drive indirect 
miRNA:miRNA interactions. 

As we have discussed above, miRNAs have been investigated in terms of their 
indirect regulation of target transcripts via their influence on miRNA expression. 

Shahab and colleagues overexpressed miR-7 in ovarian cancer cells and 
analysed the changes in both miRNA and mRNA expression levels. They 

identified secondary regulated genes within the cellular milleu 221. However, the 
question remains as to how the introduction of a miRNA can influence 
downstream miRNA levels in both an indirect and direct manner. Several 
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theories have arisen on the wider impact of individual miRNA changes on the 

miRNAome, which include: a change in promoter activity downstream from the 
miRNA genomic coding region, the inclusion of miRNA sequences within 

dysregulated genes, or the influence of altered transcription factor activity 221. 

Recent studies have observed that a miRNA may adjust the expression of 

another miRNA to amplify the regulatory effect on a common target. The miR-
130/301 family are increased in pulmonary hypertension, resulting in a 

decrease in miR-204, miR-322 and miR-503 via Peroxisome Proliferator-
Activated Receptor Gamma (PPARG) and Signal Transducer and Activator of 

Transcription 3 (STAT3) 222. Under hypoxic conditions, an elevation in the miR-
130/301 family results in a targeted decrease in PPARG. Within pulmonary 

arterial smooth muscle cells this induces an elevation in STAT3 and a 
consequent decrease in miR-204 expression, resulting in an increase in cell 

proliferation. Additionally, in pulmonary arterial endothelial cells, PPARG 
represses Apelin as well as miR-424 and miR-503, also increasing cell 
proliferation. Together, these two pathways elevate endothelial and smooth 

muscle cell proliferation, leading to pulmonary hypertension phenotypes. The 
changes observed in the miRNAs and the consequences this has on cell 

proliferation indicate that a number of miRNAs may act cooperatively to drive 
molecular changes to a greater effect than the actions of individual miRNAs 222.  

The concept of miRNA synergism implies the presence of a ‘master regulator’ 
miRNA, a miRNA that influences the majority of miRNAs within the cell system. 

Thus, any changes to the expression of the master regulator miRNA would also 
alter the miRNAs within its synergistic network. Similarly, miRNAs that target 

transcriptional regulators may alter the transcriptional activity of miRNAs that 
are similar in function to aid in a coordinated response 223.  

However, there are very few studies that investigate the miRNA:miRNA 
interaction phenomenon, particularly in cancer cells. Given its large overall 

impact on the miRNA and mRNA environment, changes to master regulator 
and synergistic miRNAs may have dire consequences for the cell, and may 
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affect cellular pathways that are altered in cancer. Therefore, it is important 

that global miRNA:miRNA interactions are investigated in cancer cell systems. 

1.8.6 miRNA:miRNA interactions in Disease 

Many of the examples discussed in the sections above have been observed 
and tested in the context of cancer. However, several questions still remain as 

to the nature of miRNA:miRNA interactions, the mechanism behind their 
dysregulation, and the understanding of their impact in the context of 

chemotherapeutic resistance. 

1.8.6.1 Exclusivity to cell-type 

Given miRNA and mRNA expression are tied to the cell type, it is assumed that 
miRNA:miRNA regulatory networks also convey this specificity. Nuclear miRNA 

distribution is also dictated by cell type, and hence extends to the range of 
nuclear miRNA:miRNA interactions 195. Current prediction algorithms do not 

take this distinction into account 224. As a consequence, information from 
miRNA:target interaction databases may not convey the cell type investigated, 

which may lead to inaccurate conclusions. These inaccuracies also affect the 
genes and miRNAs used to map miRNA:miRNA networks. The network from 

one cell type cannot be used to infer that of another. At present, the cell 
specificity of target information and miRNA prediction is an ongoing area of 

research and investigators mining the existing databases should consider cell 
specificity as a key factor.  

1.8.6.2 Mechanism behind dysregulation 

At present, there is no one theory or mechanism for the dysregulation of 

miRNAs in cancer. It is possible, given the complexity of physiological 
systems, that multiple mechanisms are at play, including those involving the 

miRNA biogenesis components, transcription factor regulation, and mutations 
within miRNA strands. 



 

 48 

Aberrations in the biogenesis components affect miRNA expression. A recent 

report showed that mutations within the RNase IIIb domain of Dicer depleted 
5p-stranded miRNAs, which affected the ratio of 3p- to 5p mature miRNA 225. 

Alterations to the 3p- to 5-p ratio change the spectrum of targeted genes, such 
as in endometrial cancer, where patients with Dicer mutations had derepressed 

genes that contained sites enriched for the let-7, miR-17, miR-15/16, miR-29 
and miR-101 families. Although rare, mutations in Dicer were also observed in 

several cancers, including bladder, kidney and uterine carcinomas, and may 
only provide a selective advantage in particular tissues 225. This study invokes 

the question of how the miRNA:miRNA network is altered in response to 
changes in strand selection, as it affects the expression of target genes and 

downstream transcription factors and miRNAs. 

It is also important to consider whether inhibition of miRNA transport into the 

nucleus influences the degree to which pri-miRNAs or gene promoters are 
targeted by miRNAs. In the case of Exportin-5 loss-of-function mutations, pre-
miRNAs are incapable of transportation into the cytoplasm, resulting in a 

decrease in mature miRNA levels 134. Consequently, it is hypothesised that a 
reduction in mature miRNA may affect miRNA:miRNA interactions in both 

cellular compartments, and consequently contribute to the cancer phenotype 
114. 

On a genome-wide scale, the loss or gain of super-enhancers, which are 
genomic loci that contain multiple enhancer elements and that collectively bind 

multiple transcription factors, has extensive repercussions on miRNA and gene 
expression 226. Under normal physiological conditions, super-enhancers control 

the transcription of genes and miRNAs that dictate cell type. If altered, this 
drives a loss of cell specificity, typical of carcinogenesis 227. A decrease in the 

miRNAs that determine cell type results in an increase of miRNAs that were 
previously expressed at lower levels. Consequently, this altered miRNAome 

controls a different set of genes, adding further to potential oncogenic changes 
228. Typically, the loss of super-enhancer regions results in an increase in 

tumour suppressive miRNAs, while a gain in super-enhancers enriches for 
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oncogenic miRNAs 226. It is imperative, then, that future investigations into 

miRNA:miRNA interactions are approached at a systems-wide level to gain a 
greater understanding of the changes that may occur to miRNA expression 

and their targets 227. 

Another factor that drives changes in miRNA expression are single nucleotide 

polymorphisms (SNPs) within their seed region 192. The seed sequence is 
essential for binding to a target mRNA, or target recognition sequence. 

Changes to either of these domains may result in a loss of target regulation. 
Additionally, different isoforms of miRNAs (IsomiRs) may alter the seed region 

via the addition of nucleotides from the 5´ or 3´ end of the miRNA. IsomiRs 
have been shown to have implications in gene targeting, and have roles in 

disease development 229. The presence of SNPs or IsomiRs that change the 
seed region have the potential to alter both mRNA and miRNA expression, 

which would have cascading effects on the cellular milieu 230. The extent to 
which the miRNA seed sequence participates in miRNA:miRNA interactions is 
currently unknown. However, it is suggested that alterations in this region may 

disrupt miRNA-mRNA-miRNA networks. 

1.8.6.3 Aid in developing therapeutics 

Understanding the interplay between miRNAs and their impact upon gene 
expression is integral to the exploration of potential cancer therapeutics and 

their off-target effects 231. Several reports on miRNA:miRNA interactions have 
studied these networks in the context of their response to chemotherapeutic 

agents, such as that to the Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2) 
inhibitor Trastuzumab in breast cancer 232, Cisplatin resistance in ovarian 

cancer 216, or experimental anti-miRNA agents, like miR-34 223. Further 
investigation of miRNA:miRNA interactions in cancer and other diseases will 

benefit both our mechanistic understanding of these diseases and aid in the 
identification of viable therapeutic targets. 
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1.8.7 Role of Bioinformatics 

Bioinformatics approaches have had a major role in investigating the impact of 
miRNA:miRNA interactions. Several studies have combined databases 

pertaining to gene, miRNA, and long non-coding RNA (lncRNA) interactions in 
a network 198,233,234. This generates a greater understanding of the coding and 

non-coding players that may drive disease. 

For example, as a given miRNA alters the expression of mRNA, this may in turn 

alter the expression of downstream miRNAs. The formation of a miRNA-
mRNA-miRNA network may be used to identify a master regulator miRNA that 

controls the expression of most miRNAs within the network 223,235, as 
exemplified by miR-1 having been identified using bioinformatics as a potential 

master regulator miRNA in prostate cancer 236. Clearly, bioinformatics is an 
important technical approach in understanding the interplay between different 

RNA species and in the identification of master regulator miRNAs and the 
miRNA hierarchy 222. 

The interactions between miRNAs have also been determined by identifying 
those with overlapping sub pathways 237. Here, the authors used computational 

tools to show that miR-21 has more connections to downregulated miRNAs 
that to upregulated ones 237. Again, this may affect the direct pathway that 
miR-21 and these miRNAs are involved in, but also indirectly influence other 

sub pathways via these miRNAs 237. 

However, one issue to continually consider is the lack of information pertaining 

to the cell specificity of miRNA and mRNA expression and interaction. This 
encompasses the miRNAs present and active in the nucleus and cytoplasm, as 

well as cell-specific IsomiRs 195. Current algorithms that predict miRNA binding, 
such as miRanda 238, do not account for tissue or cell type of origin, which may 

skew bioinformatics and experimental analyses 224. Cell-specific variations in 
miRNA sequences also add extra complications to the identification of miRNA 

targets and miRNA:miRNA interactions 239. Additionally, findings that are 
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exclusively based on bioinformatics analysis should be confirmed with in vitro 

experimentation 233. 

Many studies investigating the wider impact of miRNAs on controlling cell 
processes use miRNA sequencing (miRNAseq) or miRNA array methods. 

Current array methods only identify annotated miRNAs of high confidence, 
whereas miRNAseq has been utilised to identify novel miRNAs and IsomiRs, 

especially those that are cell type-specific. Therefore, paired with RNAseq, 
miRNAseq is the preferred method for determining changes in miRNAs and the 

levels of their respective targets, which can subsequently be used for network 
analysis. 

As discussed, several direct miRNA:miRNA interactions involve a mature 

miRNA recognising a binding region within a pri-miRNA strand 11,12,205. Although 
the precursor sequence of miRNAs is known and well annotated, the sequence 

of each miRNA’s primary sequence is relatively unknown. Many studies have 
attempted to define a library of pri-miRNA sequences, but this has proven 

difficult due to the highly transient nature of pri-miRNAs, with several studies 
using a Drosha-dependent sequencing protocol 240. Currently, up to 20% of all 

known miRNAs have not been shown to have a pri-miRNA motif or a fully 
identified pri-miRNA sequence 241. Researchers also targeted the pri-miRNA 

strand by designing primers 100bp upstream and downstream from the 
precursor strand 242 and to define the pri-miRNA sequence itself 205. However, 

this approach limits the potential for the identification of regulatory elements, 
including miRNA binding sites, which may be located beyond the region 

specified by the chosen primers. 

Bioinformatic analysis of miRNAseq and RNAseq libraries is invaluable to the 

discovery of miRNA:miRNA interactions and their cellular implications. On the 
other hand, researchers should carefully consider the limitations of 

shortcomings of current methods, and validate findings with in vitro 
experimentation. 
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1.8.8 Conclusions 

The range of miRNA:miRNA interactions discussed in this Review have been in 
the context of specific cancer environments. Although many cancer types 

exhibit similar traits, the expression of miRNAs, miRNA:miRNA regulatory 
pathways, and the extent of target suppression is specific to the cell type of 

origin 227,243. Therefore, caution must be taken in both investigating 
miRNA:miRNA interactions and applying the findings broadly, as specific 

regulatory pathways mediated by miRNA to miRNA associations may not be 
the same in other cell types. 

The current strategies of investigating miRNA:miRNA interactions usually 
involve the transfection of a miRNA mimic or antisense inhibitor. Any 

conclusions based on these approaches need to be made with caution, as the 
introduction of an exogenous miRNA inherently alters endogenous miRNA and 

mRNA expression 244. Comparisons should be made to a scramble miRNA 
control to identify biologically relevant changes. An alternative may be to 

regulate the miRNA at the primary or precursor transcript to avoid the 
saturation of AGO2. Another possibility is to use aptamers or longer antisense 

strands to sequester miRNA levels. Future experimentation should consider 
how to determine miRNA:miRNA interactions and their effect on cell 
functioning without drastically altering the delicate balance of endogenous 

miRNA and mRNA. 

At present, not many miRNA studies have considered the wider impact of 

miRNA on overall miRNA expression. The realm of miRNA:miRNA interactions 
often focuses on a particular pair of miRNAs, or a small subset, rather than on 

the changes that occur in the miRNA milieu. MiRNA and mRNA alterations that 
result from miRNA:miRNA interactions have been demonstrated to affect cell 

growth and metastasis 205,213. By taking into account one or a few 
miRNA:miRNA interactions, we are ignoring the systems level impact that is 

inherent to miRNA-mediated regulation.  
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In summary, miRNA:miRNA interactions, especially those encompassing the 

miRNA and mRNA milieu, require a re-evaluation, and this added regulatory 
pathway may underpin or drive a better understanding of disease mechanisms. 

Interestingly, the presence of miRNAs in the nucleus and their potential for 
targeting pri-miRNA indicates that they may have a wider role in gene 

regulation than the usual model of targeting the mRNA 3´UTR. We can no 
longer hold the simple notion that a single miRNA may regulate several targets. 

Instead, it must be extended to incorporate the idea that miRNAs may regulate 
each other. As miRNAs are potent regulators and have been shown to drive 

oncogenic pathways, the impact of miRNA:miRNA interactions may be 
profound. Moving forward, the miRNA community must be mindful of the 

effects of miRNA networks in studies pertaining to the role of miRNAs in 
cancer and beyond, and their application in therapeutics. 

1.9 Project Rationale 

Due to the role of miR-21 in cancer development, it is important that its 

interactions are elucidated. Recent evidence has shown that miR-21 is 
regulated at the primary level by miR-122205. Given this, it is possible that miR-

21 is capable of binding to the primary transcripts of other miRNAs to control 
their expression, and that it is an active participant in other miRNA:miRNA 
interactions103,205.  

Additionally, it is important to uncover the direct and subsequent changes in 
the mRNA environment in response to the miRNA:miRNA interactions of miR-

21, due to its role in tumorigenesis. miRNA:miRNA interactions have previously 
been found to have implications in tumour development, but this has not yet 

been investigated in HNSCC. The actions of miR-21 on other miRNAs may 
have downstream effects on the expression of transcription factors and cancer 

related genes13. This project will therefore aim to investigate the mRNA 
response to the miRNA:miRNA interactions of miR-21. 
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1.10 Project Intentions 

1.10.1 Aims 

Overall, the goal of this project is to expand on the current understanding of 
the molecular environment of HNSCC by investigating the miRNA:miRNA 
interactions of miR-21 and the subsequent impact on the cellular environment. 

The specific aims of this project are: 

1. To identify miRNAs that participate in miRNA:miRNA interactions with 

miR-21, and explore their impact in HNSCC. 
2. To determine the influence of miR-21 on the expression of the miR-

17~92a cluster in cancer cells. 
3. To predict the abundance of miRNA-recognition sites pri-miRNA 

sequences as a model for direct miRNA regulation. 

1.10.2 Hypothesis 

It is proposed that miR-21 drives miRNA:miRNA interactions within HNSCC 
cells. Additionally, it is supposed that the changes in miRNA expression due to 

these interactions would impact upon gene expression within HNSCC cells, 
and possibly contribute to tumorigenesis. 
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2 Chapter 2 - Materials and Methods 

2.1 Materials and Reagents 

Tables 2.1 to 2.4 pertain to the reagents, commercial kits, miRNA mimics, and 
TaqManTM probes used throughout this study. 
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Table 2.1 Reagents used throughout the study, listed in alphabetical order. 

Reagent Manufacturer Catalogue 
Number 

4-Bromoanisole Molecular Research 
Centre, Inc (MRC), USA 

BAN (BN 191) 

Dulbecco’s Modified Eagle 
Medium (DMEM) GlutaMAXTM 

GibcoTM, Thermo Fisher 
Scientific, USA 

10566016 

Ethanol (Molecular Biology 
Grade) 

Sigma Aldrich, USA 64-17-5 

Foetal Calf Serum (FCS) GibcoTM, Thermo 
Fischer Scientific, USA 

10437028 

Glycogen Thermo Fisher 
Scientific, USA 

AM9510 

Isopropanol (Molecular 
Biology Grade) 

Sigma Aldrich, USA 67-63-0 

Lipofectamine RNAiMAX InvitrogenTM, Thermo 
Fisher Scientific, USA 

13778150 
 

Opti-MEM GibcoTM, Thermo Fisher 
Scientific, USA 

31985070 

Phosphate Buffered Saline 
(PBS) 

GibcoTM, Thermo Fisher 
Scientific, USA 

18912014 

RNAzol RT Molecular Research 
Centre, (MRC), USA 

RN 190 

Sodium Acetate (3M) pH 5.5 InvitrogenTM, Thermo 
Fisher Scientific, USA 

AM9740 

Trypsin-EDTA GibcoTM, Thermo Fisher 
Scientific, USA 

R001100 

UltraPureTM DNase/RNase-
Free Distilled Water 

InvitrogenTM, Thermo 
Fisher Scientific, USA 

10977015 
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Table 2.2 Commercial kits used in this study, listed in alphabetical order. 

Reagent Manufacturer Catalogue Number 
Deoxynucleotides (dNTP) 
mix 

Bioline, Australia BIO-39029 

High-Capacity cDNA 
Reverse Transcription Kit 

Applied BiosystemsTM 

Thermo Fisher 
Scientific, USA 

4368814 

RNase inhibitor Bioline, Australia BIO-65028 
TaqManTM Universal PCR 
Master Mix 

Applied BiosystemsTM 

Thermo Fisher 
Scientific, USA 

4304437 
 

 

Table 2.3 miRNA mimics used for cell transfection (Applied BiosystemsTM, 

Thermo Fisher Scientific, USA). 

miRNA mimic Assay ID Catalogue Number 
hsa-miR-21-5p MC10206 4464067 
hsa-miR-499-5p MC11352 4464067 
anti-hsa-miR-21 AM10206 AM17000 
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Table 2.4 TaqManTM probes used throughout the experiment (Applied 

BiosystemsTM, Thermo Fisher Scientific, USA). 

Probe Assay ID Catalogue Number 
hsa-miR-21-5p 000397 4427975 
U6snRNA 001973 4427975 
RNU6B 001093 4427975 
hsa-miR-92a 000431 4427975 
hsa-miR-17 002308 4427975 
hsa-miR-375 000564 4427975 
hsa-miR-20a 000580 4427975 
hsa-miR-18a 002422 4427975 
hsa-miR-19a 000395 4427975 
hsa-miR-31 002279 4427975 
hsa-miR-30c 000419 4427975 
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2.2 In Vitro Methods 

2.2.1 Tissue Culture 

The cell lines used throughout the study, listed in Table 2.5, were cultured at 

35 oC and 5% CO2 within 75cm2 flasks (Corning Inc., USA) containing 
Dulbecco’s Modified Eagle Medium (DMEM) containing GlutaMAXTM  (GibcoTM, 

Thermo Fisher Scientific, USA) supplemented with 10% foetal calf serum (FCS) 
(GibcoTM Thermo Fisher Scientific, USA).  

Table 2.5 The cell lines used throughout this study and their anatomical origin.  

Cell Line Anatomical Origin 
Caski HPV-Positive Uterine Cervix Squamous Cell 

Carcinoma 
HEK293 Human Embryonic Kidney 
HeLa Cervical Adenocarcinoma 
HN17 Head and Neck Squamous Cell Carcinoma 
PNT2 Normal Prostate Epithelium 
SCC154 HPV-Positive Tongue Squamous Cell 

Carcinoma 
SCC4 Tongue Squamous Cell Carcinoma 
SiHa HPV-Positive Uterine Cervix Squamous Cell 

Carcinoma 
UMSCC22B Hypopharyngeal Squamous Cell Carcinoma 

 

2.2.1.1 Cell Passage Procedure 

A passage of the cells was performed once the cells reached 80-90% 

confluency. Briefly, the growth media was removed and the cells were washed 
with PBS (GibcoTM, Thermo Fisher Scientific, USA) before the addition of 
Trypsin-EDTA (GibcoTM, Thermo Fisher Scientific, USA). Cells were incubated 

with the added Trypsin-EDTA at 37 oC for 5 minutes to ensure the detachment 
of the cells from the flask. To deactivate the Trypsin-EDTA, 10mL of DMEM 

was used to wash the cells, and this mixture was transferred to a FalconTM 
50mL tube (BD Biosciences, USA) and the cells were pelleted by centrifugation 



 

 60 

at 1200g for 5 minutes. The supernatant containing DMEM and deactivated 

Trypsin-EDTA was removed, and the pelleted cells were resuspended in 10mL 
of DMEM to add to a secondary 75cm2 flask for continued cell propagation. 

2.2.1.2 Transfection of miRNA mimics 

Once at 80-90% confluency, cells were seeded at 5x104 cells per well into a 

12-well plate (BD Biosciences, USA). At 60-70% confluency, cells were 
transfected with hsa-miR-21, hsa-miR-499, anti-miR-21, or a negative control 

probe (from Tran et al. 2021245) in triplicate using Lipofectamine RNAiMAX, per 
the manufacturer’s instructions. Non-transfected cells were included as a 

control. At 24 hours post-transfection, the cells were harvested following the 
method for RNA isolation. 

2.2.2 RNA isolation 

RNA isolation was performed using RNAzol RT (MRC, USA), following the 

manufacturer’s instructions with several modifications. All centrifugations for 
RNA isolation were performed at 12,000g and 4oC using the Eppendorf 5424 R 

refrigerated centrifuge.  

The media was removed from the transfected cells and discarded, followed by 

washing the cells in PBS. For a 12-well plate, 0.25mL of RNAzol RT was added 
to each well and left for five minutes, followed by vigorous scraping to dislodge 

the cells, and transferred to a 2mL Safe-Lock microcentrifuge tube 
(EppendorfTM, Germany). Within this sample tube 0.4mL of dH2O was added, 

and the tube was inverted several times before centrifugation for 15 minutes. 
Up to 70% of the supernatant was collected within a second 2mL Safe-Lock 
microcentrifuge tube and made up to 1mL using dH2O. 4-Bromoanisole (BAN) 

(MRC, USA) was added to each sample tube at a ratio of 5μL of BAN per 1mL 
of supernatant. Each tube was shaken for 15 seconds and stood at room-

temperature for 3 to 5 minutes before centrifugation for 15 minutes. Again, the 
supernatant was transferred to a new 2mL Safe-Lock microcentrifuge tube 

with the addition of Isopropanol in a 1:1 ratio and 5μL of Glycogen (25mg/mL). 
Samples were stored at -25 oC overnight for RNA precipitation. 
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Once overnight precipitation was completed, the samples were defrosted, if 

required, and centrifuged for 15 minutes. For each sample, the supernatant 
was removed and discarded without disturbing the pellet. 0.5mL 75% Ethanol 

(Sigma Aldrich, USA) was added, and the tubes were centrifuged for 5 
minutes. Once complete, the supernatant was removed and the ethanol wash 

method was repeated. After the second ethanol wash, the supernatant was 
removed without dislodging the pellet. This pellet was standardly solubilised 

with 20μL of UltraPureTM DNase/RNase-Free Distilled Water (InvitrogenTM, 
Thermo Fisher Scientific, USA). The amount of DNase/RNase-Free Distilled 

Water was altered depending on the size of the pellet and the estimated RNA 
content. 

RNA concentration and integrity was measured using the NanoDrop One UV-
Vis Spectrophotometer (Thermo ScientificTM, USA). Samples with a 260/280 

and 260/230 ratio of 1.7 to 2.1 were stored at -80oC for further analysis. 
Subsequent experiments utilised RNA with standardised concentrations. 

2.2.3 Complementary DNA (cDNA) Synthesis 

Complementary DNA (cDNA) was generated using the TaqManTM Gene 

Expression Assay protocol from Applied BiosystemsTM (USA). miRNA cDNA 
synthesis was performed using the High Capacity cDNA kit as detailed in Table 
2.6. If required, more RNA was added to achieve 100ng of input RNA, with the 

equivalent volume taken away from the water. miRNA cDNA synthesis was 
performed in the EppendorfTM MastercyclerTM pro PCR System thermocycler 

using the following conditions: 1) 25oC for 10 minutes, 2) 37oC for 120 minutes, 
3) 85oC for 5 minutes, and 4) hold at 4oC. 
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Table 2.6 Reagents and reaction conditions for miRNA cDNA synthesis. 

Reagent Volume (μL) 
10X RT Buffer 1.5 
25x dNTP Mix 100mM 200μL 0.15 
RNase Inhibitor 100μL, 20Units/μL 0.2 
RNA Input (100ng/uL) 1.0 
5x miRNA RT Primer Total 6uL 
MultiScribeTM Reverse Transcriptase 100μl, 50Units/μL 1.0 
Water 5.15 
Final Volume 15.0 
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2.2.4 Reverse Transcription-Quantitative PCR 

The TaqManTM Gene Expression Assay protocol from Applied 
BiosystemsTM(USA) was used to conduct Reverse Transcription-Quantitative 

PCR (RT-qPCR). RT-qPCR was conducted using the Step One Plus PCR 

System with the 0.1mL MicroAmpTM Fast Optical 96-Well Fast Reaction Plate 

(Applied BiosystemsTM, ThermoFisher Scientific, USA), or the QuantStudioTM 

12K Flex Real-Time PCR System with the MicroAmpTM Optical 384-Well 

Reaction Plate with Barcode (Applied BiosystemsTM, ThermoFisher Scientific, 

USA ). Both miRNA and coding gene assays were performed in triplicate for 

each sample, with a total reaction volume of 5μL (Table 2.7). The PCR 

conditions were; 1) 50oC for 2 minutes, 2) 95oC for 10 minutes, and 40 cycles of 

3) 95oC for 15 seconds and 60oC for 1 minute. 

 

Table 2.7 Reaction components for a 5μL singleplex PCR reaction 

Component Volume (uL) 
miRNA TaqManTM Assay 
(20x) 

0.5 

TaqManTM Universal PCR 
Master Mix (2x) 

2.5 

cDNA input 1.0 
Water 1.0 
Final Volume 5μL 

 

2.2.4.1 Statistical Analysis and Visualisation of RT-qPCR Results 

The RT-qPCR results were analysed using either the comparative Ct method 

(DCt and DDCt)246,247, or LinRegPCR248,249. For this purpose, the Ct value was 

defined as the cycle at which the fluorescence of the PCR product crosses the 

threshold, and was noted for each sample triplicate. All calculations were 
performed in Microsoft Excel 365. Visualisation and statistical analysis were 
conducted in GraphPad Prism version 8.0.1 (GraphPad, USA). The fold change 
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values were compared between samples using a non-parametric unpaired 

two-tailed student’s t-test. A p-value <0.05 was considered statistically 
significant. Values were expressed as mean ± standard deviation.  
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2.3 Bioinformatic Methods  

2.3.1 List of Data Resources and Packages 

A complete list of the packages used in R Studio (version 1.4.1106) for 

bioinformatic analysis are included in Table 2.8. Analysis was performed using 

R 4.2.1. and Bioconductor version 3.13. Table 2.9 lists the datasets used to 

annotate genes and miRNAs in the created Cytoscape (version 3.6.1) networks. 
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Table 2.8 List and description of the packages used in the analysis of the 

TCGA data within R Studio. 

Package Description Reference 
BMA Bayesian modelling and linear 

models and cox regression 
Rafferty et al.250 

caret Training and plotting of 
regression models 

Kuhn et al.251 

dplyr Tool for managing large data 
frames 

Wickam et al.252 

GGally Add-on to ggplot2 Schloerke et al.253 
ggplot2 System to create graphics 

within R 
Wickam et al.254  

ggpubr Creation of publication ready 
graphics 

Kassambara255 

ggthemes Themes, geoms and scales for 
ggplot2 

Arnold256 

PerformanceAnalytics Econometric functions for risk 
and performance analysis. 

Peterson et al.257 

pROC Analyse and display ROC 
curves 

Robin et al.258 

psych Multivariate analysis and 
descriptive statistics 

Revelle259 

rms Functions to streamline 
modelling 

Harrell260 

RTCGA Access to TCGA data through R 
Studio 

Kosinski et al.261 

RTCGA.miRNASeq Access to miRNASeq TCGA 
datasets 

Chodor262 

RTCGA.mRNA Access to mRNA TCGA 
datasets 

Chodor263 

survival Core survival analysis functions Therneau et al.264 
survminer Survival plot add-on for ggplot2 Kassambara et 

al.265  
patchwork Arrangement of ggplots Pederson266 
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Table 2.9 Databases used to annotate genes, miRNA, and their interactions in 

Cytoscape. 

Database Description Reference 
miRTarBase Validated miRNA:mRNA 

interactions 
Chou et al., 2018217 
(Accessed 9th 
November, 2018) 

ONGene Known oncogenes Liu et al., 2017267 
(Accessed 1st February, 
2019) 

TSGene Known tumour 
suppressor genes 

Zhao et al., 2016268 
(Accessed 1st February, 
2019) 

TransmiR Validated 
miRNA:Transcription 
Factor interactions 

Wang et al., 2010269, 
Tong et al. 2019270 
(Accessed 19th 
November, 2018) 

 

2.3.2 Construction of a Cytoscape Network from the Identified miRNAs 

The open-source network mapping program, Cytoscape271, was used to create 

networks involving the regulated miRNAs and their interactions with target 

genes. The overall methodology for the creation of the miRNA:miRNA:gene 

networks is shown as a flow chart in Figure 2.1. 

Firstly, the miRNA-target database, miRTarBase217, was used to access target 

interactions that have been confirmed within the literature. Using this database 

ensures that any discovered pathways and networks are legitimate. The target 

information for Homo sapiens was downloaded in Microsoft Excel format and 

ordered by ‘miRNA’. No filtering was applied to the downloaded dataset in 

regards to experimental evidence. The information for each identified miRNA 

and their targets were selected and copied to a new Excel document. A list of 

genes in Entrez ID format for each miRNA was also saved as a text file (.txt) for 

downstream filtering within Cytoscape. 

The miRNA and associated target data were imported into Cytoscape using File 

> Import > Network > Choose File. The source node was selected as the 
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‘miRNA’, and the ‘Target Gene (Entrez Gene ID)’ was allocated as the target 

node. Once imported, this produced a network containing a single miRNA node 

with radiating edges connecting its targets. 
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Figure 2.1 Flow chart for the formation of a miRNA:miRNA:gene network in 

Cytoscape.  

List of miRNAs 

Determine targets with 
miRTarBase 

Import miRNA and its targets 
into Cytoscape 

Merge targets with BIOGRID 
human genome 

Select miRNA and first 
neighbours for new network 

Merge networks for miRNAs 
and their targets 

miRNA:miRNA:Gene Network 

Add edges between miRNAs if 
required 

Annotate genes and miRNAs 
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The entire BIOGRID human interactome was accessed via Cytoscape using 

Help > Show Welcome Screen > H. Sapiens. This allowed for the identification 

of regulatory interactions between genes. No data filtering was applied to the 

BIOGRID dataset in regards to experimental evidence. The merging of the 

human interactome with the miRNA:target network was performed by following 

Tools > Merge > Networks, and selecting ‘PSIMI-25.aliases’ as the merging 

property for the two networks. The PSIMI-25.alias is a standardised code for 

molecular interactions and their experimental evidence, which is provided within 

the BIOGRID dataset. Each miRNA:target network was in turn merged with the 

human interactome, and filtered out by searching for the miRNA node, selecting 

its direct neighbours, and selecting File > New > Network > From selected 

nodes, selected edges. Through this process, the edges between target genes 

were added to the miRNA:target networks. 

Once completed, the miRNA:target networks for each dysregulated miRNA 

were merged into a larger network. This was with the purpose of identifying any 

shared targets or pathways between the dysregulated miRNAs. This was 

achieved by using the Merge tool, selecting all of the relevant miRNA: target 

networks, and merging by ‘PSIMI-25.aliases’. The dysregulated miRNAs were 

linked to the instigating miRNA, either miR-21 or miR-499, by right clicking > 

add > edge connecting nodes. This was performed for each list of dysregulated 

miRNAs to produce large miRNA:miRNA:target regulatory networks. 

2.3.2.1 Network Annotation 

Lists of oncogenes, tumour suppressor genes, and miRNA transcription factors 

were obtained from the databases ONGene267, TSGene268, and TransmiR269,270 

respectively. The ‘Oncogene ID’ and ‘Gene ID’ columns were copied to another 

Excel file and saved as a .txt to create an ID list file. 

Within Cytoscape, an extra column was added to the node table and labelled 

‘Annotation’. The Transcription Factor (TF) ID list was used to select the 

relevant genes using the command Select > Nodes > From ID list file. The 

selected nodes were labelled with ‘TF’ within the Annotation column. This 
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process was repeated to identify Oncogenes (ONC) and Tumour Suppressor 

Genes (TSG). If a gene has multiple classifications, these are added into the 

annotation column, separated by a comma. miRNA were annotated as ‘miRNA’. 

The added annotation allows for the customisation of network aesthetics. These 

were altered within Cytoscape under Image/Chart 1 settings, using discrete 

mapping for ‘Annotation’ and Linear Gradient colouring. A discrete colour was 

allocated for each annotation type, and the colour was blended if the node had 

multiple annotations. 

2.3.2.2 Network statistics 

Network analyses were applied to the created interactomes to determine 

influential genes and miRNAs. This was performed within Cytoscape by 

selecting Tools > Network Analyser > Network Analysis > Analyse Network… . 

The calculated statistics and their definitions are included in Table 2.10. The 

statistical values were exported via File > Export > Table…, and analysed in 

Microsoft Excel. 

The Cytoscape plug-in CytoHubba272 was also used to calculate statistics 

pertaining to the influence of nodes within a network. Primarily, CytoHubba272 

was used to calculate the Maximal Clique Centrality (MCC) statistic, which 

identifies important nodes and predicts essential components of the network. 

The top 10 nodes in terms of MCC were identified for each network and 

exported for analysis in Excel. 
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Table 2.10 Definitions of the statistical analyses performed on the Cytoscape 

networks. 

 

 

 

 

  

Term Definition 
Node Degree Number of edges connected to a node. 
Path Length Number of node ‘hops’ required to move from one node 

to another. 
Clustering 
Coefficient 

Determines how close the neighbours of a node are to 
forming a clique. Closer to 1 indicates greater clique 
formation. 

Betweenness 
Centrality 

Identifies the nodes with the most influence and are 
essential to the network.  

Closeness 
Centrality 

Determines the ‘broadcasters’ of the network, or 
influencers that rapidly affect the network. 

Radiality Number of nodes reachable from a central node within a 
network. 
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2.3.3 Analysis of The Cancer Genome Atlas 

The Cancer Genome Atlas (TCGA) was accessed via XenaBrowser 

(https://xenabrowser.net; accessed 8th May, 2019), as hosted by University of 

California Santa Cruz (UCSC). The data cohort labelled ‘TCGA Head and Neck 

Cancer (HNSC)’ was selected for the analysis of miRNAs and genes. Datasets 

were downloaded as a .csv file. The file ‘miRNA_HiSeq_gene.gz’ was 

downloaded to obtain the log2(RPM +1) transformed miRNA expression values. 

The RNAseq dataset was downloaded from the file ‘HiSeqV2.gz, in the form of 

log2(norm_count +1) transformed RNA-seq by Expectation-Maximisation 

(RSEM) normalised values. Patient clinical information was downloaded from 

the file ‘HNSC_clinicalMatrix’ as a data matrix. 

Selected miRNA and genes were copied into a new Microsoft Excel file, along 

with the appropriate clinical information. Samples were aligned for each patient 

by matching the ‘SampleID’ across all datasets. Patients with metastatic 

disease were excluded from analysis as there were too few samples for reliable 

statistical analysis. The completed spreadsheet included patient information 

and their respective expression of the selected miRNA and genes for 

downstream analysis. This process is shown as a flow-chart in Figure 2.2. 

From the collated dataset, the adjacent normal tissue samples were separated 

and copied into new spreadsheets. This enables in-depth analysis of the 

expression of miRNAs and genes across the different anatomical regions 

amongst normal and malignant tissues. All Microsoft Excel workbooks were 

saved as .csv files for analysis using RStudio. 
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Figure 2.2 Flow chart depicting the data processing of the HNSCC TCGA 

cohort for analysis within R Studio. 
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2.3.4 Statistical Analysis 

The unpaired two-tailed student’s t-test was applied to determine the statistical 

significance between sample types. Pearson correlation analysis was used to 

determine the correlation between miRNA and mRNA, or two miRNAs. 

Statistical significance was determined by a p-value < 0.05. 

2.3.5 Survival Analysis 

Survival and cox regression analysis was performed using the packages 

survminer265, survival273, and dplyr252. These packages were also used to plot 

Kaplan-Meier curves of the survival of patients in relation to their expression 

level of a miRNA or mRNA. Patient survival data was extracted from the TCGA 

using the RTCGA package261. 

For analysis, the patient identifier was used to align the clinical data with the 

expression levels of miRNA and genes of interest. Once merged, the median of 

each miRNA or gene was calculated. Any values above the median were 

labelled as ‘high’ and conversely, any values below the median were labelled as 

‘low’274,275. This was applied to each gene or miRNA. Kaplan-Meier curves were 

produced using this classification and the associated survival data. Statistical 

significance was determined by a p-value < 0.05. 

2.3.6 Cox Proportional Hazard Ratio 

Univariate and Multivariate Cox Proportional Hazard Ratio’s were calculated for 

the HNSCC tumour samples within R Studio using the package survival273. 

Results were exported to .txt using base R commands. 

2.3.7 Bayesian Model Averaging (BMA)  

Bayesian Model Averaging (BMA) was applied to the resultant dysregulated 

miRNAs using the packages caret251, BMA250, pROC258, and rms260. Firstly the 

miRNA expression data was used to conduct BMA for generalised linear 

models and identify miRNA that are common across multiple model iterations. 

The analysis was repeated until the combination of miRNAs no longer best 
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represented the data. In the resultant image, red indicated a positive variable 

estimate, and blue represented a negative variable estimate.  

The HNSCC tumour miRNA expression data was used to create a training 

(70%) and test dataset (30%). This was used to determine the variable 

importance of the miRNAs in the BMA model, which is the quantification of an 

individual miRNA’s contribution across the different regression models276. This 

was visualised as a horizontal lollipop plot. The use of BMA was useful in 

determining the combination and number of miRNAs that may be used to 

predict HNSCC survival. BMA was the preferred technique, as it allowed for the 

generation of several potential models for HNSCC outcome.  

Logistic Regression Modelling (LRM) was performed with the glm() function in 

rms260, with a ‘binomial’ family classification. This model was used to partition 

the dataset into a training dataset (70%) and a test dataset (30%) for BMA 

validation using machine learning. Parameters for the model training were given 

using the trainControl() function, and the linear model was created using the 

train() function. K-fold cross-validation was conducted (K=10), and repeated 3 

times. The general predict() function with the ‘raw’ classification was used to 

extract the model statistics, including the sensitivity and specificity. This method 

was used to increase confidence in the output model and predictions in relation 

to HNSCC outcome. 

2.3.8 Receiver Operator Characteristic (ROC) and Area Under the Curve 

(AUC) 

The probability of death from the linear model and the event of death in the 

clinical dataset were combined into a data frame, ranked by probability, and 

plotted using the roc() function. This produced a Receiver Operator 

Characteristic (ROC)-Area Under the Curve (AUC) plot of specificity versus 

sensitivity, and includes the AUC value. 
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2.3.9 Data Visualisation 

Patient miRNA and mRNA data was analysed using RStudio277, utilising the 

packages psych259 and ggplot2254. Additional packages included ggthemes256, 

ggpubr255, PerformanceAnalytics257, and patchwork266. 
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3 Chapter 3 - The Identification of miR-21-initiated 

miRNA:miRNA Interactions in Head and Neck Cancer 

Cells 

3.1 Introduction 

Sections 3.1.1 to 3.1.5 consist of a Forum paper published in Trends in 
Cancer. 

Hill, M. & Tran, N. MicroRNAs regulating microRNAs in cancer. Trends in 

cancer 4, 465-468 (2018)199. 

3.1.1 Abstract 

MicroRNAs are capable of self-regulation, termed miRNA to miRNA interaction. 

Very little is known about these interactions and their impact on the cellular 

milieu. We review known miRNA to miRNA interactions, potential mechanisms 

and their role in cancer. 

3.1.2 The Function of MicroRNAs (miRNA)  

MicroRNAs (miRNAs) are classified as non-coding RNAs that regulate the 

expression of messenger RNA (mRNA) by binding to complementary 

sequences within the 3´ untranslated region (3´ UTR)81. The transcribed primary 

RNA transcript undergoes cleavage by the enzymes Drosha and Dicer to 

produce precursor and mature miRNA respectively81. Mature miRNAs are 

bound to Argonaute (Ago) to form the RNA Induced Silencing Complex (RISC) 

for gene regulation. Due to their role, alterations in miRNA expression can 

disrupt mRNA expression, including that of oncogenes and tumour suppressor 

genes, leading to potential oncogenic changes62,81. Thus, it is important that 

more is known about the regulation of miRNAs to further understand their 

influence in a cellular system. The purpose of this article is to highlight an 

emerging area of miRNA regulation, whereby one miRNA controls the 

expression of another. 
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3.1.3 MicroRNA to MicroRNA Regulation 

Several processes are involved in regulating the biogenesis of miRNAs and 

their endogenous levels. However, recent studies have shown that miRNAs can 

bind to and control other non-coding RNAs, including miRNAs. We have termed 

this process a miRNA:miRNA interaction. The overall result of this interaction is 

the regulation of a miRNA’s abundance and biogenesis by another miRNA, with 

subsequent effects on mRNA regulation. 

This phenomenon was first observed by Lai et al., who found two miRNA pairs 

in Drosophila, miR-5:miR-6 and miR-9:miR-79, based on nucleotide sequence 

complementarity100. This suggested that miRNAs could bind and regulate both 

mRNA and non-coding RNA. However, since these miRNA pairs were identified 

through sequencing and were not experimentally validated, it is uncertain 

whether these miRNA complexes are formed in biological systems. It has been 

proposed that miRNA pairing between similar miRNAs increases their individual 

stability100. Additionally, the binding of miRNA pairs prevents the control of their 

target mRNA. This results in a decrease in target regulation, and thus increases 

target abundance. This creates a feedback mechanism between miRNA and 

mRNA, and alters downstream cellular function100. 

Proceeding studies further investigated the direct regulation of a miRNA by 

another miRNA. For example, miR-107 can regulate the abundance of let-7 

through binding to complementary sequences within its stem loop99. Since let-7 

targets several oncogenes such as RAS, destabilisation and degradation by 

miR-107 has consequences on tumorigenesis99. Matkovich et al. found that, in 

cardiac cells, miR-499 overexpression lead to the upregulation of 11 miRNAs 

and the downregulation of 6 miRNAs13. These studies hinted at the potential 

contribution of miRNA:miRNA interactions to oncogenesis, highlighting why 

understanding these interactions is important to explore new modalities of gene 

regulation.  

Several models and mechanisms have been proposed to explain 

miRNA:miRNA interactions. Multiple studies have introduced the concept of 
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complementary binding between miRNAs in their mature form99,100. This is a 

feasible concept, but poses the question of how RISC-bound miRNAs can bind 

to each other, and how this results in miRNA regulation. Findings by Flamand et 

al. showed that the amino acid residues within the Ago2 complex interact to 

promote the binding of miRNAs to non-canonical sites209. Given this 

observation, it is possible that Ago2 can force the binding of two different 

miRNAs in a similar manner to non-canonical binding, and promote 

miRNA:miRNA interactions. 

Also suggested is RISC stabilisation from miRNA binding, however there is still 

no mechanistic evidence for this action11,99,100. Park et al. demonstrated that the 

RISC complex is destabilised when it binds to non-canonical sites93. 

Complementary to this, the binding of RISC to canonical sites results in 

stabilisation93. From these observations, it is suggested that the direct binding 

of two miRNAs results in stabilisation, preventing miRNA degradation, and 

altering their turnover. These studies only provide potential models as to how 

these interactions may occur, and more research needs to be performed to 

elucidate the binding mechanism and exact biochemical pathway behind 

miRNA:miRNA interactions. 

Studies have also found that miRNAs can regulate miRNA biogenesis by 

targeting primary or precursor miRNAs. For example, in mice miR-709 regulates 

miR-15a/16-1 production by binding to its primary transcript12. This introduced 

the concept of a miRNA hierarchy, whereby a miRNA regulates a group of 

specific miRNAs at the post-transcriptional level12. There is also the potential for 

self-regulation via a positive feedback mechanism11. This was first shown in 

Caenorhabditis elegans, where the mature form of let-7 binds to a recognition 

site within pri-let-7 to promote further let-7 production11. This study 

demonstrated that mature miRNAs may perform their regulatory role inside the 

nucleus and the first to show that miRNAs have the capacity for self regulation. 

Recent studies in this area have focused on the role of miRNA:miRNA 

interactions in tumorigenesis. A new study found that the oncogenic miR-21, 

which is frequently overexpressed in most cancers, is negatively regulated by 
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miR-122206.  This occurs through the binding of miR-122 to the miR-21 primary 

transcript to block Drosha cleavage, leading to a decrease in the overall 

abundance of mature miR-21206. There is a suggestion that the targeting of 

primary or precursor miRNA transcripts for miRNA self-regulation is not limited 

to the miR-122 and miR-21 pair. It is estimated that 79% of mature miRNAs 

contain sequences similar to motifs found in primary miRNA transcripts241, 

therefore this mechanism may represent a wider mode of miRNA regulation206. 

This discovery provides great impetus for more research into the self-regulation 

of miRNAs, how these interactions affect biogenesis, and their impact on 

tumorigenesis. 

3.1.4 The Role of Transcription Factors and Regulators 

Although miRNA:miRNA interactions occur through direct binding, several 

studies have described an indirect pathway involving transcription factors and 

repressors. For instance, miR-660-5p can alter the expression of miR-486-5p 

via its regulation of Mouse Double Minute 2 (MDM2) and p53213. In this model, a 

decrease in MDM2, initiated by miR-660-5p, stabilises p53, and promotes the 

production of miR-486-5p213. This study sets forth the ideal that the p53 

pathway may be a key player in the regulation of miRNAs by other miRNAs. 

However, more studies are needed to determine its exact role. Given this 

pathway is often dysregulated in cancers, its network with miRNAs may also be 

affected, producing downstream effects on gene regulation and 

tumorigenesis213. 

The effect of transcription factors on the production of miRNAs and their total 

abundance in a cellular system has been less explored, but is vitally important 

in understanding this mode of regulation. The study by Matkovich et al. found 

that secondary miRNA changes were observed in response to miR-499 

mediated regulation of miRNAs13. These changes were primarily through the 

modulation of transcription factors and the subsequent alterations in 

transcriptional activity13. Although this is an important study, there is little work 

discussing biologically validated global miRNA:miRNA interactions, specifically 

in cancer cells. These findings broaden our understanding of the mechanisms 
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behind miRNA:miRNA interactions, their transcriptional impact, and the 

subsequent indirect regulation of miRNA and mRNA. The direct and indirect 

mechanisms for miRNA:miRNA interactions are summarised in Figure 3.1. 
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Figure 3.1 Potential miRNA:miRNA regulatory pathways. In the centre is the 

canonical miRNA biogenesis pathway, whereby pri-miRNA is cleaved by 

Drosha to produce pre-miRNA. Pre-miRNA is exported to the cytoplasm and 

cleaved by Dicer to form mature miRNA, which is bound by Ago to form RISC, 

which performs target regulation. Direct miRNA:miRNA regulatory pathways are 

included to the left of the canonical pathway, and are depicted in yellow. This 
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includes the self-regulation of miRNA via RISC at the pri-miRNA stage of 

biogenesis, e.g. Let-7. Pri-miRNA regulation occurs through the binding of 

mature miRNAs to the primary transcript of another e.g. miR-122 and pri-miR-

21 shown in grey, and miR-709 and pri-miR-15a/16-1 as shown in green. At the 

mature level, RISC bound miRNAs can interact directly for regulation e.g. miR-

107 and Let-7. To the right, the indirect mechanism for miRNA:miRNA 

interactions, the modulation of transcription factors, is seen in yellow. p53 is 

also included on the right at both the Drosha and Dicer processing steps, as an 

indirect pathway for miR-486-5p regulation. The arrow heads depict the 

direction of the interaction. 
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3.1.5 Conclusions and Remaining Questions 

The self-regulation of miRNAs is an important emerging field. These 

interactions, especially on a cellular scale, have a direct influence on mRNA 

expression, and are vital in understanding gene regulation. However, we still do 

not fully understand the mechanism behind miRNA:miRNA interactions, or 

whether multiple processes are involved. Additionally, questions remain 

regarding how these interactions affect the miRNA milieu, mRNA levels, 

transcription factors, and their cellular implication. Since the expression of 

miRNA is commonly altered in diseases, including cancer, this could have a 

direct effect on the expression of other miRNAs and mRNAs, contributing to the 

disease phenotype62. Hence, miRNA:miRNA interactions and their influence on 

the cellular system and functioning is of significance, and further research in this 

field is greatly encouraged. 

3.1.6 Chapter Aims 

Overall, the aim of this chapter is to identify the potential miRNA:miRNA 

interactions of miR-21 within HNSCC, and to explore the cellular consequence 

of these interactions. This will be achieved via: miRNA TaqManTM microarray 

analysis; the creation of miRNA:gene networks from identified miRNAs; and 

interrogation of the TCGA to validate the identified miRNAs in a patient cohort. 
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3.2 Methods 

Methods for the creation of a Cytoscape network and the analysis of the 

HNSCC TCGA dataset are outlined in Chapter 2 Section 2.3.2 to 2.3.9. The 

following materials and methods are unique to this chapter. 

3.2.1 Materials, Reagents, and Software 

Materials and reagents used to conduct the miRNA TaqManTM OpenArray are 

listed in Table 3.1. Several databases and software programs were utilised to 

create the network of miRNA and gene interactions, and to analyse the 

biological impact of the included miRNAs and genes (Table 3.2). 
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Table 3.1 List of reagents used for the miRNA OpenArray, with their associated 

catalogue number. 

Reagent Manufacturer Catalogue Number 
Megaplex™ Primer Pools Applied BiosystemsTM, 

Thermo Fisher 
ScientificTM 

4444750 or 4444766 

TaqManTM MicroRNA 
Reverse Transcription Kit 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4366596 or 4366597 

TaqManTM PreAmp Master 
Mix 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4391128 

TaqManTM OpenArrayTM 
Real-Time PCR Master 
Mix 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4462159 or 4462164 

QuantStudio™ 12K Flex 
OpenArrayTM Accessories 
Kit 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4469576 

OpenArrayTM 384-well 
Sample Plates 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4406947 

OpenArrayTM AccuFill™ 
System Tips 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4457246 or 4458107 

TaqMan™ OpenArray® 
Human MicroRNA Panel 

Applied BiosystemsTM, 
Thermo Fisher 
ScientificTM 

4470187 

 

Table 3.2 Software used in the analysis of the miRNA OpenArray dataset. 

Software Description Reference 
BiNGO Gene Ontology Cytoscape Plug-in Maere et al., 2005278 
CytoHubba Statistical analysis Cytoscape 

Plug-in 
Chin et al., 2014272 

ShinyGO Online Gene Ontology and 
functionality tool 

Ge et al., 2018279 

clusterMaker clustering algorithm and 
visualisation tool 

Morris et al., 2011280 
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3.2.2 TaqMan Array of Transfected HNSCC cells 

Representative transfections in UMSCC22B cells of miR-21 and miR-499 at 

10pmol, and a non-transfected control sample, were chosen for miRNA array 

analysis. Samples underwent cDNA synthesis using the Megaplex™ Primer 

Pools, Human Pools Set v3.0 kit (Applied BiosystemsTM, Thermo Fisher 

Scientific, USA), in conjunction with the TaqManTM MicroRNA Reverse 

Transcription Kit (Applied BiosystemsTM, Thermo Fisher Scientific, USA). 

The resultant cDNA was pre-amplified using the PreAmp primers available 

within the Megaplex™ Primer Pools, Human Pools Set v3.0 kit, and TaqManTM 

PreAmp Master Mix (Applied BiosystemsTM, Thermo Fisher Scientific, USA). 

Once amplified, the cDNA was applied to the TaqManTM OpenArrayTM Human 

MicroRNA Panel, QuantStudioTM 12K Flex (Applied BiosystemsTM, Thermo 

Fisher Scientific, USA), following the manufacturer’s instructions. RT-qPCR was 

performed using the QuantStudioTM 12K Flex Real-Time PCR System following 

the manufacturer’s instructions. 

3.2.2.1 Data Filtering Procedures 

The raw results from the OpenArrayTM System were collected as a comma-

separated file (.csv) using the QuantSudioTM 12K Flex Real-Time PCR Software 

(Applied BiosystemsTM, Thermo Fisher Scientific, USA). A flow chart of the data 

filtering and analysis process is shown in Figure 3.2. 

The .csv file was imported into Microsoft Excel 2016, and the results for the 

different transfection conditions were separated. Once sorted by ‘Assay Name’, 

the data for each condition was combined into a new Excel document, and the 

assay details were aligned to ensure for easy comparison across the samples. 

Within this document, each sample underwent Delta (Δ)Ct analysis against the 

average value for U6snRNA 246,247. Proceeding this, ΔΔCt calculations were 

applied to compare the miR-21 and miR-499 transfected samples to the 

untransfected control246,247. 
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After determining the fold change, the data was filtered down to exclude the 

miRNA that were undetected in the untransfected sample. This was performed 

because the ΔΔCt produced a N/A result, and did not allow for accurate 

comparison to the untransfected control. Further conditional formatting was 

performed to highlight those values that had a fold change greater than 2 or 

less than -2. This indicated miRNAs that are altered with miR-21 or miR-499 

expression. 

Once this list was produced, the amplification score (Amp score) and Cq 

confidence of each of the values was used to further filter down the candidate 

miRNA to ensure good amplification quality. Values were included if the Amp 

score was >1.1 and the Cq confidence was >0.8. 

This series of analytical steps were applied to determine the top most miRNAs 

in the categories of: upregulated with miR-21; upregulated with miR-499; 

downregulated with miR-21; and downregulated with miR-499. These miRNA 

were further analysed using heatmaps, Cytoscape, and network analysis. 
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Figure 3.2 Flow chart for the analysis of the miRNA OpenArray data. 
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3.2.3 Generation of Heatmaps 

The normalised fold change values for the overexpressed and the 

underexpressed miRNA were visualised as a heatmap using the R Studio 

package ‘pheatmap’281. 

3.2.4 Network Filtering 

The large miRNA:miRNA:gene interactome was filtered down to elucidate key 

genes and miRNA. Filtering was performed by following Select > Nodes > From 

ID list file and Select > Nodes > First Neighbours of selected nodes. These 

selected nodes were then used to create a new network. ID list files for TSG, 

TF, and ONC were used separately to filter the original network by these 

categories. Additionally, an ID list containing genes that are classified as all 

three annotations (i.e. genes that are labelled TF, TSG and ONC) was also 

used to filter down the original network. 

3.2.5 Node Clustering 

The Cytoscape plugin ClusterMaker280 was used to group the nodes within the 

network into biologically relevant groups. The algorithm was applied to the final 

filtered network by selecting ‘Apps’ > ‘clusterMaker’ > ‘Community Cluster 

(GLay)’. The main edges were indicated by a black line, while background 

interactions were depicted in grey. Manual adjustments were made as to the 

position of nodes as to ensure key clusters were visible and distinct. 

3.2.6 Gene Ontology (GO) Analysis 

The Cytoscape plug-in, BiNGO278 was used to determine the GO terms that are 

most represented within the interactome. To perform this analysis, the whole 

interactome was selected, and the program was accessed via Apps > BiNGO. 

All GO terms were analysed by selecting ‘GO_full’ as the ontology file. The 

output list of GO terms, including the p-value and frequency, was copied into 

Excel for further analysis. This process was repeated for each created network, 

including the filtered networks. 
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3.2.7 Pathway Analysis 

The Kyoto Encyclopaedia of Genes and Genomes (KEGG) database was 

accessed via ShinyGO (Version 0.51)279. The gene list for the 

miRNA:miRNA:gene network was copied, and input into the database search 

engine. Once submitted, ‘KEGG’ was selected as the analysis type. A list of 

significant KEGG terms was produced and downloaded locally. Network maps 

were also created within ShinyGO for key KEGG pathways. 
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3.3 Results 

3.3.1 miR-21 and miR-499 Influence miRNA Expression 

To determine the influence of miRNAs on the expression of other miRNAs in 

HNSCC, miR-21 and miR-499 transfections were conducted in the UMSCC22B 

cell line and analysed using the miRNA TaqManTM OpenArray. miR-21 was 

investigated because of its oncogenic nature and pervasive presence in cancer. 

miR-499 was included as a miRNA control, and is not an oncogenic miRNA181. 

Quantification with RT-qPCR showed that miR-21 and miR-499 were sufficiently 

overexpressed at all concentrations (Figure 3.3). The samples chosen for the 

OpenArray analysis contained 10pmol of transfected miR-21 or miR-499. 

Comparison to untransfected UMSCC22B cells was made using the ΔΔCt 

calculation246,247, relative to U6snRNA. The results were filtered down by 

including only those with Fold Change > 2 or < -2. Further filtering by Cq >1.1 

confidence and Amp score > 0.8 produced a list of ten (1.3%) upregulated 

miRNAs with miR-21, and eight (1%) upregulated miRNAs with miR-499 out of 

the 755 tested miRNAs. A list of the upregulated miRNAs and their fold changes 

are shown in Table 3.3. Of these miRNAs, only four were common across both 

transfection conditions. For the miR-21 transfected cells, miR-590-3p had the 

greatest fold change of 21.197, while miR-520d-5p had the highest fold change 

of 29.599 with the addition of miR-499.  

The same analysis was applied to identify the most downregulated miRNAs with 

miR-21 and miR-499 transfection. In total there were 150 (19.8%) miRNAs 

downregulated with the transfection of miR-21, and 108 (14.3%) with miR-499. 

The top ten most-downregulated miRNAs with miR-21 and miR-499 are shown 

in Table 3.3. Only three miRNAs were in common across the two lists. Of the 

miRNAs altered with the addition of miR-21, miR-150-5p had the greatest fold 

decrease of -26820.482, while the most downregulated miRNA with miR-499 

transfection was miR-30c-5p, with a fold change of -35969.837. 
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It was noted that there were a greater number of downregulated miRNAs with 

both transfection conditions, compared to upregulated miRNAs. Also, the 

absolute values of the fold changes for the downregulated miRNAs were 

greater than that of the upregulated miRNAs. The top ten most up- and down- 

regulated miRNAs were investigated further in terms of their role and function in 

HNSCC. 
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Figure 3.3 Relative expression of A) miR-21 and B) miR-499 in relation to the 

non-transfected control. Transfections were conducted at concentrations of 

30pmol, 10pmol, and 1pmol of miRNA mimic per well. Comparison to the non-

transfected control was conducted using a non-parametric two-tailed students t-

test. P-value ≤0.05 indicated by *, and p-value ≤0.001 indicated by ***. Data 

plotted as mean ± standard deviation. n=3 
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Table 3.3 Table of the top-most upregulated and downregulated miRNAs with 

miR-21 and miR-499 and their fold change. 

 

  

Upregulated 

miR-21  Fold Change miR-499  Fold Change 

miR-590-3p 21.197 miR-520d-3p 29.599 

miR-196b-5p 17.962 miR-590-3p 15.709 

miR-31-5p 8.389 miR-148b-5p 14.445 

miR-148b-5p 5.360 miR-572 5.496 

miR-378a-5p 4.839 miR-31-5p 3.424 

miR-548d-3p 3.348 miR-30d-3p 2.511 

miR-99a-5p 3.165 miR-30a-3p 2.195 

miR-340-5p 2.817 miR-378a-5p 2.124 

miR-100-5p 2.687   

miR-20a-3p 2.322   

Downregulated 

miR-21 Fold Change miR-499 Fold Change 

miR-150-5p -26820.482 miR-30c-5p -35969.837 

miR-375-3p -3194.5244 miR-28-5p -14218.681 

miR-520e-3p -2043.5777 miR-423-5p -10187.412 

miR-215-5p -1364.7148 miR-520e-3p -8644.0997 

miR-328-3p -1230.3178 miR-195-5p -5895.915 

miR-425-5p -1126.7828 miR-486-5p -5766.5791 

miR-146b-5p -984.0476 miR-146b-5p -4189.3189 

miR-92a-3p -880.84889 miR-92a-3p -3621.8222 

miR-652-3p -839.88823 miR-30b-5p -2843.5944 

miR-20b-5p -623.02814 miR-328-3p -2363.1574 
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3.3.1.1 Visualisation of the Top miRNAs Influenced by miR-21 and miR-

499 

A series of heatmaps was created to visualise the fold-differences between the 

miR-21 and miR-499 transfected UMSCC22B samples. 

The heatmap of the upregulated miRNAs is shown in Figure 3.4. Based on the 

clustering pattern on the left-hand side, miR-520d-3p is distinctly upregulated 

with miR-499 overexpression. Conversely for miR-21, the hierarchical clustering 

suggests that miR-196-5p upregulation is exclusive to this sample. Similar 

positive fold change values were observed for the remaining miRNAs across 

both samples. 

A similar heatmap was generated for the downregulated miRNAs (Figure 3.5). 

From this, it was observed that miR-150-5p was only observed to be 

downregulated with the transfection of miR-21. Similarly, miR-30c-5p was 

distinctly downregulated with the addition of miR-499 to UMSCC22B cells. 

There is also a cluster of three miRNAs, miR-28-5p, miR-423-5p, and miR-

520e-3p, that were downregulated to a large extent with miR-499, but not with 

miR-21. 

An additional heatmap was created combining the upregulated and 

downregulated miRNAs (Figure 3.6). This indicated that there are two distinct 

clusters of miRNAs, those that show a high degree of change with miR-21 or 

miR-499, and those that show a low degree of change, as indicated using a log-

scale. 

Heatmaps of the raw Cq values, and all dysregulated miRNAs are included in 

Appendix Figures A1.1 and A1.2, which were created with the online program, 

CIMminer282. The series of heatmaps generated from the array dataset further 

demonstrated that there were more downregulated than upregulated miRNAs.  
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Figure 3.4 Heatmap of the upregulated miRNAs with miR-21 or miR-499 

transfection. The colour of each cell is indicative of the fold change of the 

respective miRNA, as indicated in the legend to the right. 
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Figure 3.5 Heatmap of the top-most downregulated miRNAs in response to 

miR-21 and miR-499. The colour of the cell corresponds to the fold change of 

the miRNA, as indicated by the colour scale on the right. 
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Figure 3.6 Combined heatmap of the upregulated and downregulated miRNAs. 

The colour of the cell corresponds to the log-transformed absolute fold change 

of the miRNA, as indicated by the colour scale on the right. 
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3.3.2 miR-21 and miR-499 Share Target Networks with their Dysregulated 

miRNAs 

A series of miRNA:miRNA:gene networks were created in Cytoscape271 from 

the information gathered from the OpenArray, with the aim of identifying 

potential pathways and mechanisms to explain the dysregulation of the 

identified miRNAs, and their role in HNSCC cancer development. 

3.3.2.1 Network of miR-21 and its Upregulated miRNAs 

Firstly, the upregulated miRNAs in response to miR-21 were collated, and their 

targets were extracted from miRTarBase217. A large network of all the listed 

miRNAs and genes was created from this information, and contained 2383 

nodes and 5232 edges (Figure A2.1). For this network, and subsequent 

networks, the size of the node is indicative of the number of its connecting 

edges. Additionally, annotation was used to identify the different subsets of 

genes by colour; ONC in yellow, TSG in magenta, TF’s in dark blue, and 

miRNAs in purple. Lighter blue coloured nodes signify genes with no known 

annotation. 

Filtering was applied to the complete network in order to identify common roles 

or potential pathways adjoining the miRNAs. This was performed by selecting 

for a particular gene annotation (ONC, TSG, or TF), and all direct neighbours of 

the selected genes. The result of this was a series of networks, filtered by the 

presence of ONC, TSG, or TF annotated genes (Figure A2.2 to Figure A2.4). 

Further filtering was applied whereby genes labelled as ONC, TSG, and TF 

inclusive, and their direct neighbours, were selected to form a new network. 

Applying this filtering process to the network of upregulated miRNAs with miR-

21 resulted in an interactome with 88 nodes and 339 edges (Figure 3.7). Of the 

miRNAs, the node for miR-21 is the largest, indicating that it has the greatest 

number of connections. Of the ten identified upregulated miRNAs with miR-21 

overexpression, only five were present in this final filtered network. 
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Clustering of the nodes within the network using ClusterMaker280 showed 4 

distinct groups, centred around miR-21, Transcription factor Sp1 (SP1), Tumour 

Protein p63 (TP63), SUZ12 Polycomb Repressive Complex 2 Subunit (SUZ12), 

and an axis between miR-340-5p, miR-548b-5p and miR-100-5p. Since the 

algorithm considers the function of each of the genes and clusters them 

accordingly, it is inferred that these clusters have different functional 

implications. The largest node cluster surrounds miR-21, and includes members 

of the Transforming Growth Factor Beta (TGFB) gene family. Several known 

cancer genes, Forkhead box protein O1 (FOXO1), EGFR, and STAT3 are 

contained within the axis between miR-340-5p, miR-548b-5p and miR-100-5p. 
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Figure 3.7 A gene:miRNA network integrating miR-21 and its upregulated 

miRNAs with their respective target genes, as filtered down by genes annotated 

with all three classifications (ONC, TSG, and TF), and their direct neighbours. In 

this network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. Black 

edges indicate the main interactions as indicated by ClusterMaker, while the 

edges depicted in grey are background interactions. 
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3.3.2.2 Network of miR-21 and its Downregulated miRNAs 

This process was repeated for the ten most downregulated miRNAs in response 

to miR-21 overexpression. The initial network had 4166 nodes and 14646 

edges. Filtering the network by selecting either ONC, TSG, or TFs and their 

direct neighbours produced a number of large networks (Figure A2.5 to Figure 

A2.8). Additional filtering was applied to the original network by choosing genes 

annotated as ONC, TSG, and TF, and their direct neighbours. The resultant 

network had 320 nodes and 1980 edges (Figure 3.8). 

Clustering of the nodes within the filtered network was achieved using the 

Cytoscape plugin clusterMaker280. This resulted in nodes being placed into 4 

distinct groups, with several miRNAs in each group. The major cluster in this 

network was formed surrounding miR-92a-3p, which connects to other clusters 

via MDM2, Histone Deacetylase 1 (HDAC1), and E1A Binding Protein P300 

(EP300). Another node cluster included miR-21-5p and miR-375, and contained 

key cancer genes such as BRCA1, EGFR and MYC Proto-Oncogene (MYC). 

The third cluster connects five miRNAs: miR-20b-5p, miR-150-5p, miR-520e, 

miR-215-5p, and miR-425-5p. The remaining cluster predominantly consists of 

genes and miR-146b-5p. 

Several observations were made as to the difference between the networks of 

the miR-21 upregulated or the downregulated miRNAs. Firstly, the network for 

the downregulated miRNAs contained more nodes and edges than that of the 

upregulated miRNA network. Secondly, there were less miRNAs in the 

upregulated compared to the downregulated filtered network. And thirdly, the 

most connected miRNA in the downregulated miRNA network was miR-92a-3p, 

whereas in the upregulated network it was miR-21-5p. These differences 

demonstrate that there was a greater impact due to the downregulation of 

miRNAs as a result of miR-21 over expression compared to the impact of the 

upregulated miRNAs.  
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Figure 3.8 A gene:miRNA network integrating miR-21 and its downregulated 

miRNAs with their respective target genes, as filtered down by genes annotated 

with all three classifications (ONC, TSG, and TF), and their direct neighbours. In 

this network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. Black 

edges indicate the main interactions as indicated by ClusterMaker, while the 

edges depicted in grey are background interactions.  
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3.3.2.3 Network of miR-499 and its Upregulated miRNAs 

Again, the same procedure was followed to produce a series of 

miRNA:miRNA:gene interactomes for the miRNAs that were upregulated in 

response to miR-499 transfection. The original and TF, ONC and TSG filtered 

networks are shown in Appendix Figures A2.9 to A2.12. Once filtered by genes 

that are classified as TF’s, ONC, and TSG, the resultant network had only four 

remaining miRNAs, with 23 nodes and 41 edges (Figure 3.9). 

3.3.2.4 Network of miR-499 and its Downregulated miRNAs 

The downregulated miRNAs in response to miR-499 were also used to create a 

series of interactomes. The original and preliminary filtered networks are 

displayed in Appendix Figures A2.13 to A2.16. When filtered by genes 

annotated as TF/ONC/TSG, the created network had 262 nodes and 1651 

edges, which involved eight of the ten of the originally miRNAs, plus miR-499 

(Figure 3.10). 

As with the miR-21 networks, there was a greater number of nodes in the miR-

499 mediated downregulated miRNA filtered interactome. Similarly, more 

miRNAs were present in the downregulated rather than the upregulated miRNA 

networks.  

3.3.2.5 Comparing the miR-21 and miR-499 Filtered Networks 

In examining the networks produced from the downregulated miRNAs for both 

miR-21 and miR-499, it was found that the miRNA with the greatest degree in 

both cases was miR-92a-3p. This indicates that it may be a key miRNA in the 

orchestration and regulation of these genes, and may have a role in cancer 

development. 
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Figure 3.9 A gene:miRNA network integrating miR-499 and its upregulated 

miRNAs with their respective target genes, as filtered down by genes annotated 

with all three classifications (ONC, TSG, and TF), and their direct neighbours. In 

this network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges.  
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Figure 3.10 A gene:miRNA network integrating miR-499 and its downregulated 

miRNAs with their respective target genes, as filtered down by genes annotated 

with all three classifications (ONC, TSG, and TF), and their direct neighbours. In 

this network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. Black 

edges indicate the main interactions as indicated by ClusterMaker, while the 

edges depicted in grey are background interactions.  



 

 109 

3.3.2.6 Statistical Analysis of the Networks of miR-21 and miR-499 

Network statistics, namely degree and betweenness centrality, were applied to 

determine the most influential miRNA within the created networks. The degree 

of a gene or miRNA is defined as its number of connecting nodes. The 

betweenness centrality statistic was used as a measure of the impact of a node 

in a network. These statistics were calculated to determine the miRNAs of 

importance in the networks of miR-21 and miR-499 and their respective 

upregulated and downregulated miRNAs. 

As miR-21 is a major oncogene across many malignancies, and was observed 

to have a far-reaching impact on the resultant gene networks compared to miR-

499, the focus of the analysis was drawn away from the role of miR-499. This 

thesis will therefore continue with a sole focus on miR-21. The network 

statistics, GO and KEGG analysis of the miR-499 networks have been included 

in Appendix 3 for completeness. 

3.3.2.6.1 Influence of the miR-21 Upregulated miRNAs 

A summary of the betweenness centrality of the upregulated miRNAs with miR-

21 is shown in Figure 3.11A. The miRNA with the greatest degree was miR-21-

5p, with a betweenness centrality of 0.46. miR-148b-5p had the lowest degree, 

and had a betweenness centrality of 0.031. The remainder of the miRNAs had a 

degree of 400 or below, and a betweenness centrality below 0.25. The miRNAs 

shared between miR-21 and miR-499 — miR-590-3p, miR-378a-5p, miR-31-5p, 

and miR-148b-5p — had different betweenness centrality statistics across the 

two networks, with a higher statistic observed in the miR-499 network (Figure 

A3.1). 

3.3.2.6.2 Influence of the miR-21 Downregulated miRNAs 

The same analysis for betweenness centrality was applied to the 

downregulated miRNAs. Of those identified to decrease with miR-21 

transfection, miR-92a-3p had the highest degree and the greatest betweenness 

centrality at 0.369 (Figure 3.11B). The lowest value was observed for miR-328-
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3p at 0.033, which had the second lowest degree. The remainder of the 

miRNAs had a degree between 100 and 1000, and a betweenness centrality 

range between 0.2 and 0.03. 

Across the two networks, miR-92a-3p had the greatest degree and centrality of 

all the miRNA, indicating that it is a key player in each interactome. The 

remaining shared miRNAs of miR-520e, miR-328-3p, and 146b-5p all had low 

betweenness centrality and degree values, with slight variation due to the 

dynamics of the individual networks. 

From this analysis, miR-92a-3p was shown to be the most influential miRNA of 

the miR-21 and miR-499 downregulated miRNAs, lending it to further 

investigation in the context of HNSCC. 
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Figure 3.11 Visualisation of the degree of the miRNAs A) upregulated and B) 

downregulated by miR-21. Each point is coloured and numbered according to 

the respective betweenness centrality for the miRNA. The colour scale for the 

betweenness centrality is shown on the left of each graph.  
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3.3.3 miRNAs Dysregulated by miR-21 Influence Gene Ontology (GO) 

GO analysis was performed for the networks of the miRNAs upregulated and 

downregulated by miR-21. This was conducted within Cytoscape using the 

plug-in BiNGO278. The top-most GO terms for the genes associated with the 

miRNAs that were upregulated and downregulated with miR-21 are included in 

Tables 3.4 and 3.5. 
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Table 3.4 Top-most GO terms for the gene targets of the miRNAs that are 

upregulated with miR-21.

GO-ID Description p-value 
44424 intracellular part 3.60E-39 
5515 protein binding 1.11E-38 
5622 intracellular 1.69E-38 
5634 nucleus 8.27E-36 
43229 intracellular organelle 2.12E-33 
43227 membrane-bounded organelle 3.44E-33 
43231 intracellular membrane-bounded organelle 3.69E-33 
43226 organelle 5.47E-33 
50794 regulation of cellular process 1.85E-31 
50789 regulation of biological process 9.27E-30 
60255 regulation of macromolecule metabolic 

process 
2.72E-29 

5488 binding 4.70E-29 
44428 nuclear part 6.74E-28 
31323 regulation of cellular metabolic process 1.30E-27 
65007 biological regulation 2.03E-27 
19222 regulation of metabolic process 6.78E-27 
80090 regulation of primary metabolic process 7.09E-27 
44260 cellular macromolecule metabolic process 8.92E-27 
9987 cellular process 3.33E-26 
10468 regulation of gene expression 4.46E-26 

10556 
regulation of macromolecule biosynthetic 
process 2.02E-24 

31326 regulation of cellular biosynthetic process 3.44E-23 
9889 regulation of biosynthetic process 7.79E-23 
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Table 3.5Top-most GO terms for the gene targets of the miRNAs that are 

downregulated with miR-21.

GO ID Description p-value 
44424 intracellular part 1.20E-93 
5622 intracellular 9.04E-90 
43229 intracellular organelle 1.38E-83 
43226 organelle 2.76E-83 
5515 protein binding 2.10E-80 
43227 membrane-bounded organelle 9.27E-80 
43231 intracellular membrane-bounded organelle 1.28E-79 
5634 nucleus 3.83E-65 
5737 cytoplasm 2.63E-51 
44260 cellular macromolecule metabolic process 2.71E-51 
44446 intracellular organelle part 3.70E-50 
44422 organelle part 1.26E-49 
5488 binding 2.39E-47 
44428 nuclear part 1.12E-43 
44237 cellular metabolic process 2.81E-40 
9987 cellular process 2.61E-39 
50794 regulation of cellular process 9.72E-39 
31981 nuclear lumen 2E-38 
43170 macromolecule metabolic process 2.06E-38 
70013 intracellular organelle lumen 3.66E-35 
50789 regulation of biological process 5.99E-35 
31974 membrane-enclosed lumen 3.45E-34 
44267 cellular protein metabolic process 7.22E-34 
43233 organelle lumen 8.42E-34 
65007 biological regulation 3.76E-33 
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3.3.4 Involvement of the Dysregulated miRNAs in KEGG Pathways 

KEGG analysis was performed for each of the miRNA:miRNA:gene networks 

through the ShinyGO279 database. All data was downloaded locally for results 

analysis. The top ten most significant KEGG pathways identified for the miR-21 

mediated upregulated and downregulated networks are listed in Table 3.6. 

The genes associated with the miR-21 upregulated miRNAs had KEGG terms 

associated with cancer development. Terms specific to this network were: ‘Cell 

cycle’, ‘EGFR tyrosine kinase inhibitor resistance’, ‘Cellular senescence’, 

‘Ubiquitin mediated proteolysis’, and ‘FoxO signalling pathway’. These terms, in 

addition to those remaining, indicate that the genes within this network greatly 

contribute to the changes observed in tumorigenesis. Visualisation of the genes 

involved in the term ‘Pathways in Cancer’ are shown in Appendix Figure A4.1 

The network of the downregulated miRNAs and their target genes were 

enriched for KEGG that are highly related to cancer development and viral 

infection. Distinct pathways for this network were: ‘Proteoglycans in cancer’, 

‘Kaposi’s sarcoma associated herpesvirus infection’, and ‘Hepatitis B’. 

Visualisation of the genes involved in the ‘Pathways in Cancer’ KEGG term is 

included in Appendix Figure A4.2 

Thus the KEGG analysis of the two miR-21 mediated networks indicated that 

the genes are highly involved in cancer processes, including those that are 

present in HNSCC. 
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Table 3.6 KEGG terms associated with the miR-21 mediated upregulated and 

downregulated miRNA:gene networks. 

Genes of Upregulated miRNAs 

Enrichment FDR Genes in 
list 

Total 
genes 

Functional Category 

1.82E-12 48 150 MicroRNAs in cancer 
1.97E-11 103 523 Pathways in cancer 
8.36E-09 27 72 P53 signalling pathway 
9.62E-08 35 124 Cell cycle 
4.48E-06 57 295 Mitogen-activated protein 

kinase (MAPK) signalling 
pathway 

5.25E-06 24 79 EGFR tyrosine kinase inhibitor 
resistance 

5.25E-06 37 159 Cellular senescence 
5.65E-06 25 86 Colorectal cancer 
6.82E-06 33 136 Ubiquitin mediated proteolysis 
7.92E-06 32 131 FoxO signalling pathway 

Genes of Downregulated miRNAs 

Enrichment FDR Genes in 
list 

Total 
genes 

Functional Category 

4.14E-17 166 523 Pathways in cancer 
4.31E-12 63 150 MicroRNAs in cancer 
2.41E-11 74 198 Proteoglycans in cancer 
3.01E-10 45 99 AGE-RAGE signalling pathway 

in diabetic complications 
3.01E-10 72 200 Viral carcinogenesis 
8.40E-10 67 185 Kaposi sarcoma-associated 

herpesvirus infection 
1.02E-09 38 79 EGFR tyrosine kinase inhibitor 

resistance 
1.02E-09 60 159 Cellular senescence 
7.39E-09 51 131 FoxO signalling pathway 

 



 

 117 

3.3.5 Exploration of the Dysregulated miRNAs in the TCGA Patient 

Cohort 

3.3.5.1 miR-21 Expression in HNSCC Patients 

The levels of miR-21 were plotted according to sample type to determine 

whether there was a difference in expression between solid normal tissue or 

primary tumour tissue (Figure 3.12). From the plot it was observed that miR-21 

had significantly higher levels in primary tumour tissue compared to normal 

solid tissue. This is consistent with previous investigations into the expression of 

miR-21 in HNSCC cell lines179,283. 

 

 

Figure 3.12 Boxplot of miR-21-5p expression in primary tumour (n=482) and 

normal solid tissue (n=45) samples from the TCGA, plotted as unadjusted 

Log2(RPM+1) values. The non-parametric students t-test indicated that the 

expression of miR-21 was significantly different across the two tissue types, 

with a p-value of 1.3e-14. RPM; Reads per million.   
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3.3.5.2 Exploration of the miRNAs Upregulated by miR-21 in HNSCC 

Patients 

The TCGA miRNA dataset was used to extract the expression levels of the 

miR-21 upregulated miRNAs that were indicated by the OpenArray. Statistical 

comparisons were made between the solid normal and primary tumour tissue 

levels for these select miRNA. A summary of the expression of these miRNAs 

across normal and malignant tissue is included in Figure 3.13. 

Within the TCGA, expression levels were available for all the miRNAs except for 

hsa-miR-548d-5p. Of the remaining 9 miRNAs, hsa-miR-20a-5p, hsa-miR-31-

5p, hsa-miR-148b-5p, hsa-miR-196b-5p and hsa-miR-590-3p were found to be 

significantly higher in primary tumour tissue, whereas hsa-miR-99a-5p, hsa-

miR-100-5p, hsa-miR-340-5p and hsa-miR-378a-5p were significantly higher in 

normal solid tissue. 

3.3.5.2.1 Correlation of miRNAs with miR-21 in Patients 

If a relationship was present between miR-21 and another miRNA, it would be 

expected that either a positive or negative correlation in their expression would 

be observed. The TCGA dataset was used for correlation analysis of miR-21 

with its dysregulated miRNAs in both a normal and cancer context. The results 

for the upregulated miRNAs are summarised by their correlation coefficient (R) 

and p-value in Figure 3.14. 

In the solid normal tissue, statistically significant trends with miR-21 were 

observed for five of the miRNAs (Figure 3.14A). Of these, hsa-miR-20a-3p, hsa-

miR-31-5p and hsa-miR-196b-5p exhibited a positive correlation, whereas hsa-

miR-99a-5p and hsa-miR-378a-5p showed a negative correlation with miR-21 

expression.  

Within the primary tumour samples, four miRNAs produced significant trends 

with mIR-21 levels (Figure 3.14B). Three of these miRNAs, hsa-miR-20a-3p, 

hsa-miR-148b-5p and hsa-miR-378a-5p, produced negative trends, while hsa-

miR-100-5p produced a positive trend with miR-21 expression.  
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Figure 3.13 Grouped boxplot of HNSCC TCGA data corresponding to the 

miRNAs identified as upregulated with miR-21. Primary tumour results are 

shown in red (n=478), while blue represents the data from solid normal tissue 

(n=45). Expression values are plotted as unadjusted Log2(RPM+1) values. 

Statistical significance calculated suing the Kruskal-Wallis Rank Sum Test. P-

value ≤0.01 indicated by **, p-value ≤0.001 indicated by ***, and p-value 

≤0.0001 indicated by ****. RPM; Reads per million. 
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Figure 3.14 Pearson Correlation matrix of the miRNAs identified as upregulated 

with miR-21 in A) Normal tissue (n=45) and B) Primary Cancer Tissue (n=478). 

The R value for each comparison is shown in the appropriate square. The 

colour of the squares within the matrix correspond with the R value, whereby 

red indicates a positive R value, and blue indicates a negative R value. Non-

significant correlations are crossed out.  
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3.3.5.3 Exploration of the miRNAs Downregulated by miR-21 in HNSCC 

Patients 

Similarly, the expression of the identified downregulated miRNAs with miR-21 

overexpression were extracted from the TCGA and compared across tissues. 

These results are summarised in Figure 3.15. According to the expression and 

p-values, hsa-miR-20b-5p, hsa-miR-92a-3p, hsa-miR-146b-5p, hsa-miR-520e-

3p, and hsa-miR-652-3p were significantly higher in primary tumour tissue, and 

hsa-miR-375-3p was significantly higher in normal tissue. 

3.3.5.3.1 Correlation of miRNAs with miR-21 in Patients 

Again, the correlation was determined between miR-21 expression and that of 

its identified downregulated miRNAs. The correlation matrices of these miRNAs 

in solid normal and primary tumour samples are shown in Figure 3.16. 

Within normal solid tissue, five miRNAs had a statistically significant trend with 

miR-21 (Figure 3.16A). Of these hsa-miR-92a-3p, hsa-miR-146b-5p, hsa-miR-

150-5p, and hsa-miR-425-5p produced positive trends, while hsa-miR-375-3p 

was the only miRNA that had a statistically significant negative trend. 

Of the correlations between the miRNAs in primary tumour tissue, five were 

statistically significant (Figure 3.16B). From these, hsa-miR-92a-3p, hsa-miR-

375-3p, hsa-miR-425-5p, and hsa-miR-652-3p all had negative correlations, 

whereas hsa-miR-146b-5p had a positive correlation with miR-21 expression. 
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Figure 3.15 Grouped boxplot of HNSCC TCGA data corresponding to the 

miRNAs identified as downregulated with miR-21. Primary tumour results are 

shown in red (n=478), while blue represents the data from solid normal tissue 

(n=45). Values were plotted as unadjusted Log2(RPM+1) values. Statistical 

significance calculated suing the Kruskal-Wallis Rank Sum Test. P-value ≤0.01 

indicated by **, and p-value ≤0.0001 indicated by ****. RPM; Reads per million. 
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Figure 3.16 Pearson correlation matrix of the miRNAs identified as 

downregulated with miR-21 in A) Normal tissue (n=45) and B) Primary Cancer 

Tissue (n=478). The R value for each comparison is shown in the appropriate 

square. The colour of the squares within the matrix correspond with the R value, 

whereby red indicates a positive R value, and blue indicates a negative R value. 

Non-significant correlations are crossed out.  
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3.4 Discussion 

Over the past decade there has been a recorded increase in the number of 

HNSCC cases worldwide, particularly of the oropharynx36. This disease 

severely impacts the quality of life for patients, with the main options for 

treatment being surgery and radio-chemotherapy47. Investigations into the 

molecular mechanisms of HNSCC are imperative to the development of 

diagnostic or prognostic biomarkers and targeted therapies66.  

miRNAs have been found to be dysregulated in HNSCC and act upon target 

genes, which may in turn operate as tumour suppressors or oncogenes62. 

Although these mRNA:gene pairs are well documented, little is known about 

whether miRNAs are capable of regulating other miRNAs. Previous studies 

exploring miRNA:miRNA interactions have shown that direct binding may occur 

between a pri-miRNA and a miRNA11,12,206, or two mature miRNA100. They also 

occur as a result of miRNA-directed suppression of transcription factors212,213 or 

the miRNA biogenesis machinery126,206. By investigating the mechanisms and 

pathways associated with miRNA:miRNA interactions, the canonical function of 

miRNAs has moved away from the miRNA:mRNA paradigm, and towards a 

cell-wide coordinative role. 

This chapter aimed to: identify potential miRNA:miRNA interactions initiated by 

miR-21 in a HNSCC cell line; determine the influence of the identified potential 

miRNA:miRNA interactions in cancer by integrating them into a miRNA:gene 

network; and explore the expression of the dysregulated miRNAs in the TCGA 

patient cohort. The OpenArray system identified a set of miRNAs that were 

dysregulated in response to miR-21, which included miR-100, miR-20a, miR-

92a, miR-375, and miR-99a. Pathway analysis of the genes associated with 

these miRNAs indicated a role in several cancer processes such as p53 

signalling, cell cycle, and EGFR tyrosine kinase resistance. Comparison to the 

TCGA HNSCC patient cohort found that only a few miRNAs were consistent 

with their response in the OpenArray. The negative correlation observed 

between miR-21 and the miRNAs of interest is indicative of potential 
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miRNA:miRNA interactions. By exploring the miRNA:miRNA interactions of 

miR-21 in this manner, this work uncovers the prospective wider impact of 

miRNA-directed miRNA regulation.  

3.4.1 Identified miRNAs and their Known Role in HNSCC 

Several miRNAs identified from the OpenArray have previously been 

associated with HNSCC and its progression. One upregulated miRNA, miR-31-

5p, is reported to be an indicator of recurrent disease and oral pathology164. Its 

expression is also distinctly found in HNSCC patients that are classified as non-

smokers284. miR-196b-5p is also linked to the presence of oral cancer284, and 

impacts cell proliferation, metastasis and invasion285. miR-99a-5p has been less 

studied in its role in HNSCC, though it has been found to be a tumour 

suppressor miRNA, and its high expression has been associated with increased 

overall survival286. miR-375 has been previously identified as a tumour 

suppressor miRNA287, and is consistently reported to be at low levels of 

expression in HNSCC60. This impacts upon cell differentiation, and increases 

the chance of metastasis and recurrence, decreasing overall patient survival287. 

The identification of miRNAs known to be associated with HNSCC provides 

reassurance in the method used to detect miRNA:miRNA interactions. 

In identifying dysregulated miRNA, it was observed that more miRNAs were 

downregulated in response to miR-21 compared to those that were 

upregulated, which is consistent with previous analyses of the TCGA HNSCC 

cohort228. A loss of miRNA expression has been observed across a range of 

cancers compared to normal tissues, and has been linked to cellular 

differentiation288. miRNA downregulation also has a demonstrated effect on 

tumour growth and invasion, as the injection of mice with cells lacking the major 

biogenesis components showed lower miRNA expression, increased tumour 

size, and increased motility289. The downregulation of miRNA also results in the 

loss of the miRNA-mediated mRNA regulation of major oncogenes, as 

evidenced by the increase in KRAS Proto-Oncogene (KRAS) and MYC with the 

inhibition of let-7289. Specifically in OSCC, a subsite of HNSCC, differential 

expression of miRNA across multiple datasets showed that the majority were 
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downregulated290. This is in line with the greater number of cancer-related 

genes, and number of genes in general, observed in the networks of the miR-

21-related downregulated miRNAs. Thus, the overexpression of miR-21 may 

induce a reduction of miRNA expression to amplify oncogenic changes, though 

this does not account for other mechanisms that may contribute to decreased 

miRNA expression. 

3.4.2 Influential miRNAs and their Potential Downstream Effect 

Construction of the miRNA:gene networks identified two miRNA that were 

impacted by miR-21 that were also highly influential in gene regulation and 

pathway regulation: miR-100-5p and miR-92a-3p.  

Consistent with the OpenArray, miR-100-5p has been shown to be upregulated 

in HNSCC177. However, in highly metastatic cancers, miR-100 shows a 

decrease in expression, which impacts migration and proliferation291. It is also 

involved in the TGFB, MAPK, and p53 cancer pathways291, which were 

identified as key KEGG terms in this chapter. Network statistics also indicated 

miR-100-5p to be a highly influential node with many targets identified as RNA 

binding proteins. If proven, the interaction between miR-21 and miR-100-5p 

may increase a cells’ oncogenic potential and amplify pathogenic changes. 

Of the identified miRNAs, miR-92a-3p and miR-20a-3p belong to the miR-

17~92a cluster. This cluster is known to affect migration, and is expressed at 

low levels in advanced HNSCC292. In OSCC high levels of miR-20a-5p have 

been associated with increased survival292. Of the downregulated miRNAs, 

miR-92a was the most influential within the network, and bound to a number of 

significant RNA binding proteins. This is consistent with the current literature, as 

miR-92a has been reported to bind up to 29 nucleotide binding proteins, 

including 12 that bind RNA293. Further exploration into the relationship between 

the miR-17~92a cluster and miR-21, in addition to the potential mechanism 

involved is therefore warranted and will be presented in later chapters.  
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3.4.3 miRNA:miRNA Interactions Impact Cancer Development Pathways 

The pathways and processes identified using GO and KEGG analysis 

determined that the created miRNA:miRNA:mRNA networks are highly involved 

in cellular metabolism and several key cancer processes. Of note is the p53 

pathway, which has previously been shown to be dysregulated in HNSCC and 

other cancers228. The loss of p53 observed in HNSCC294 may therefore be a 

result of alterations in the miRNA landscape. Given the involvement of p53 in 

the regulation of specific miRNA75, changes in its expression may also have 

negative impacts on the miRNA milieu.  

Other identified cancer pathways, such as the MAPK signalling and FoxO 

pathways, are highly involved in the migration, proliferation, differentiation and 

apoptosis of cancerous cells291. The listing of other cancer types under KEGG 

terms may indicate that the miRNAs and genes in the created networks are 

common to these cancers, and thus have similar pathways. 

The term ‘EGFR tyrosine kinase inhibitor resistance’ was a consistent KEGG 

term across the created networks. EGFR inhibitors are used commonly as a 

therapy for HNSCC295. However, this therapy can also cause resistance and 

inflammation295. Several miRNA, including miR-21 have been associated with 

chemoresistance in HNSCC285,290,296. It may be that the interactions between 

miRNA and mRNA observed in this analysis could contribute to treatment 

resistance, and understanding of these pathways may aid in developing other 

therapies for HNSCC. 

3.4.4 TCGA Analysis Explored miRNA:miRNA Relationships 

The TCGA is an open resource used by many to comprehensively study cancer 

characteristics66. To complement the OpenArray, the TCGA was used as a tool 

to examine the expression of the dysregulated miRNAs in a HNSCC cohort to 

determine if the uncovered miRNA:miRNA interactions have any clinical 

relevance. From the results, many of the miRNAs were not consistent in their 

change in expression between the miRNA OpenArray and TCGA profiling. This 
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disparity may be due to the site specific nature of miRNA expression. Recent 

analysis of the TCGA found differences in miRNA expression across HNSCC 

subtypes whereby a greater percentage of miRNAs were upregulated in lip and 

tonsillar cancers, while more miRNAs were downregulated in cancers of the 

mouth, floor of mouth, tongue, and base of tongue297. Other studies have found 

variations in specific miRNAs between HNSCC subtypes, such as the 

overexpression of miR-133b in LSCC147, as well as the overexpression of miR-

200c, let-7a and miR-34a62 and the decreased expression of miR-17-5p in 

HPSCC283. The utilised cell line, UMSCC22B, was sourced from a recurrent 

primary HPV-negative HPSCC298. However, the data used from the TCGA 

consisted of all subsites of HNSCC. Therefore, with the demonstrated deviation 

of the miRNA profile with HNSCC subsite, it is recommended that further 

analyses of the TCGA HNSCC cohort be stratified by tumour location to 

determine if the uncovered miRNA:miRNA interactions are tissue specific. 

Furthermore, correlation analysis of the dysregulated miRNA with miR-21 

revealed a loss of association in cancer compared to normal samples. At 

homeostasis, the expression of a miRNA is inversely correlated with the 

expression of its target gene228. Across several cancer types from the TCGA, 

including HNSCC, miRNA:gene pairs have demonstrated a decrease in 

correlation, which was associated with cancer related processes, such as p53 

signalling and the cell cycle228. Although this previous study was performed on 

miRNA-target pairs, this chapter’s analysis shows that this loss of correlation 

also may apply to potential miRNA:miRNA interactions. However, the lower 

purity of the TGCA HNSCC samples may affect correlation analysis results299, 

meaning that caution must be taken in their interpretation. The correlation 

between two miRNA is only indicates a potential regulatory relationship, and 

does not indicate how the two miRNA may be connected. Further in vitro 

experimentation must be conducted to confirm if a miRNA:miRNA interaction is 

present and to explore its mechanism. 
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3.4.5 Limitations 

There were several limitations to the methods and analyses chosen to 

investigate miRNA:miRNA interactions in this chapter. Firstly, because 

comparisons were made to untransfected UMSCC22B cells, it was difficult to 

determine if the observed changes were the result of miR-21 transfection, or 

due to the suppressive action of miRNA mimic transfection on endogenous 

miRNA expression244. This would also have consequences on gene expression, 

but this was not measured in this chapter. Future chapters of this thesis utilise 

transient transfection to address this issue through the use of an antisense 

oligonucleotide, which will act as a miRNA, but not bind to gene targets. This 

will ensure that the differences in miRNA and gene expression are due to the 

transfected miRNA rather than the transfection process. 

Secondly, some of the miRNA:miRNA:mRNA networks contain hundreds of 

genes and interactions that make it difficult to uncover potential modes of 

regulation between miRNA. Further annotation of the network to include miRNA 

transcription factors and subsequent filtering may aid in identifying indirect 

miRNA:miRNA interactions. However, one limitation of filtering down networks 

based on known biological classifications is the risk of excluding genes that are 

important to the interactions due to a lack of information pertaining to their 

function300. Future work on the interactomes should focus on finding potential 

miRNA:miRNA interactions without compromising on the depth of information 

available in the network, possibly by using different network filtering methods. 

Lastly, although the TCGA is a valid resource for investigating the impacts of 

potential miRNA:miRNA interactions, tissue specificity and the heterogenous 

nature of cancer cells needs to be considered. Additionally, the correlation 

analysis performed in this chapter is very limited in utility, as an association 

between two miRNA does not mean that a causative miRNA:miRNA interaction 

is present. Caution must be taken in interpreting results from the TCGA in 

comparison to cell line results, especially if the results are not stratified by 

subsite. 
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3.4.6 Conclusions 

Overall, this chapter aimed to address the present deficiency in the knowledge 

of miRNA:miRNA interactions and their impact on cell functioning in a HNSCC 

context. Specifically, it determined which miRNAs were dysregulated in 

response to miR-21 and predicted their impact on cell functioning. Through the 

analysis of the miRNA regulatory networks it was established that miR-21 and 

miR-92a were the most influential of the up- and down-regulated miRNAs 

respectively. The targets of the identified miRNAs were also associated with 

HNSCC progression through several cancer-related processes, such as the 

‘p53 signalling pathway’, ‘EGFR tyrosine kinase resistance’, and the ‘MAPK 

signalling pathway’. It was also indicated from the TCGA HNSCC cohort that 

the correlation between miR-21 and the dysregulated miRNAs was lost in 

cancer patients. This chapter established that miRNA:miRNA interactions are 

capable of influencing cancer progression, which was corroborated by reports of 

the dysregulation of the identified miRNAs in HNSCC patient samples. 

Therefore this thesis has now identified potential miRNA:miRNA interactions 

initiated by miR-21 in HNSCC, and their cellular consequence.  
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4 Chapter 4 – The Impact of miRNA-21 regulated miRNA 

on HNSCC survival 

4.1 Introduction 

Worldwide, HNSCC contributes to 4.9% of all cancer cases, and has a mortality 

rate of 51%301. Traditionally, clinical factors such as DOI46, lymph node 

involvement302, TNM stage274, and HPV status25, have been used to evaluate 

the chance of overall patient survival and disease free survival. However, there 

is a need for non-invasive markers to predict the presence of disease and 

patient outcomes. 

miRNA have been used to classify cancerous and normal tissue across many 

malignancies with great accuracy288, including HNSCC60. This is due to their 

high stability288 and involvement in cancer related processes, such as migration, 

apoptosis, cell cycle, proliferation291, and transcriptional misregulation274. One 

study in OSCC showed that high levels of miR-21 and miR-1237, and low 

expression of miR-204 and miR-411 were indicative of DOI303. In the same 

study, perineural invasion, a clinical prognostic indicator, was associated with 

an increased expression of miR-196a, miR-196b, and miR-424, and decreased 

miR-109, miR-204 and miR-377304. Another study integrated the clinical 

characteristics of TNM and histologic stage with the expression of miR-127-3p, 

miR-4736 and miR-655-3p to create a predictive model for prognosis184. 

Functional analysis, such as that performed in Chapter 3, provides insight into 

the role of miRNA in cell systems, and how these might be used to indicate the 

presence of disease291. 

This thesis is focused upon the identification of miRNA:miRNA interactions in 

HNSCC, with an emphasis on those initiated by miR-21. The previous chapter 

identified miRNAs that were dysregulated in response to the overexpression of 

miR-21 in the HNSCC cell line, UMSCC22B. This was performed with the aim 

of determining potential miRNA:miRNA interactions of miR-21 in HNSCC cells. 

These miRNAs, particularly miR-92a, were highly influential over the genes 
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within the wider miRNA:miRNA:gene networks. Additional analysis of the TCGA 

HNSCC dataset verified changes in the expression of a selection of these 

miRNAs in relation to cancer development, and their correlation with miR-21 

levels. This process resulted a set of miRNAs predicted to interact with miR-21 

within HNSCC cells. 

This chapter continues to investigate the role of the miR-21-dysregulated 

miRNAs in HNSCC. Given the KEGG analysis of the identified miRNAs 

included pathways such as ‘MAPK signalling pathway’, ‘p53 signalling pathway’, 

and ‘EGFR tyrosine kinase inhibitor resistance’, which all have roles in cancer 

progression228,291,295, it is important to establish whether these miRNAs 

influence HNSCC survival. It is hypothesised that the miR-21 mediated miRNA 

may add to the oncogenic changes induced by miR-21 itself. Therefore this 

insinuates that miRNA:miRNA interactions can contribute to changes in patient 

survival. 

4.1.1 Chapter Aims 

The aim of this chapter was to assess the clinical importance of miR-21 and its 

dysregulated miRNAs on HNSCC survival. This evaluation used the TCGA 

HNSCC dataset, as well as common survival analysis methods, including: 

Kaplan-Meier analysis, Cox’s Proportional Hazard Ratio, and predictive models 

for survival. Ultimately, this inquiry will determine whether the miRNA:miRNA 

interactions relating to miR-21 impact patient survival. 
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4.2 Methods 

The methods used to acquire the HNSCC TCGA dataset and evaluate the 

survival data are detailed in Chapter 2 Sections 2.3.3 to 2.3.9.  
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4.3 Results 

4.3.1 Survival Analysis 

Survival analysis was applied to the miRNAs of interest to determine if their 

expression has an impact upon patient survival over time. The cohort of patients 

with primary HNSCC were selected from the TCGA dataset, along with the 

corresponding miRNA expression values. The patients were classified to have 

high or low levels of a miRNA based on the its median expression value274,275. 

Subsequent Kaplan-Meier analysis was applied to the top-most upregulated 

and downregulated miRNAs with miR-21. 

4.3.1.1 Upregulated miRNAs 

The Kaplan-Meier analysis of miR-21 determined it was not significant for its 

impact on survival in the HNSCC primary tumour cohort (Figure 4.1A). 

Of the miRNAs upregulated by miR-21, as identified in Chapter 3, low 

expression of miR-99a-5p (p-value 0.0064) and miR-20a-3p (p-value 0.043) 

impacted survival (Figure 4.1B and Figure 4.1C) was suggestive of a poorer 

chance of patient survival over time. The remaining upregulated miRNAs were 

not significant for their effect on patient survival (Figure 4.1 and Figure 4.2). 

4.3.1.2 Downregulated miRNAs 

Kaplan-Meier survival analysis was applied to the miRNAs downregulated by 

miR-21 (Figure 4.3 and Figure 4.4). Of these, only miR-92a-3p was significant, 

with lower levels of this miRNA associated with a decreased chance of survival 

over time (p-value 0.0027) (Figure 4.3A). The remaining downregulated 

miRNAs were not significant for their impact on survival. 
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Figure 4.1 Kaplan-Meier survival curves for the upregulated miRNAs A) miR-
21-5p, B) miR-99a-5p, C) miR-20a-3p, D) miR-200-5p, E) miR-148b-5p, and F) 

miR-196b-5p. In each figure, red represents higher expression (n=241) and 

blue indicates lower expression (n=241), relative to the median. Time is 

measured in years. P-value calculated from Kaplan-Meier analysis. 

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++ ++
++

+ ++
+

++ ++ +

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++

+

+
+ +

+

p = 0.82

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−21−5p Expression + +Low High

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+
+++++++++++++++++++++++

++++++++++++++++
++ +++ ++

+ +

+

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+
++++++ + ++

+
++ ++ + +

+p = 0.0064

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−99a−5p Expression + +Low High

++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++

++++++++++++++++++++++++++++
+++++++++++++++

+
++++

+

++ ++ + +

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++ + ++
++

+ +

p = 0.043

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−20a−3p Expression + +Low High

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++

++ +
++++ +

+ +
+

+ +

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++

++
++++

+++
+++ + +

+
+ ++ + +

+
p = 0.24

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−100−5p Expression + +Low High

+++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++

++++++++++++++++++++++++++++++++++++++++++++++++
++++++++

++++++
+

+
++ +++ +

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++

+++++++++++
++++++++++

+
+ +

+ +++

+

+

p = 0.93

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−148b−5p Expression + +Low High

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++
+++++ ++

++ +
+
+

+ + +

+

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++

+++++++
+++

+
+ + +

+ ++ +
p = 0.6

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

hsa−miR−196b−5p Expression + +Low High

A B 

C
 A

D
 A

E
 A

F
 A



 

 136 

  

  

Figure 4.2Kaplan-Meier survival curves for the upregulated miRNAs A) miR-

378-5p, B) miR-31-5p, C) miR-590-3p, and D) miR-340-5p. In each figure, red 

represents higher expression (n=241) and blue indicates lower expression 

(n=241, relative to the median. Time is measured in years. P-value calculated 

from Kaplan-Meier analysis. 
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Figure 4.3 Kaplan-Meier survival curves for the downregulated miRNAs A) miR-

92a-3p, B) miR-150-5p, C) miR-520e-3p, D) miR-215-5p, E) miR-328-3p, and 

F) miR-375-3p. In each figure, red represents higher expression (n=241) and 

blue indicates lower expression (n=241), relative to the median. Time is 

measured in years. P-value calculated from Kaplan-Meier analysis.
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Figure 4.4 Kaplan-Meier survival curves for the upregulated miRNAs A) miR-

425-5p, B) miR-652-3p, and C) miR-20b-5p. In each figure, red represents 

higher expression (n=241) and blue indicates lower expression (n=241), relative 

to the median. Time is measured in years. P-value calculated from Kaplan-

Meier analysis. 
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4.3.2 The Combination of miR-21 and a Single miRNA Impacts Survival 

The previously performed survival analysis only focused on the impact of a 

singular miRNA on HNSCC patient survival. Next to be considered was whether 

the combination of miR-21 with one of its regulated miRNAs, through a potential 

miRNA:miRNA interaction, resulted in a difference in survival outcomes. 

To address this, Cox’s Multiple Regression was applied to analyse the 

contribution of miR-21 and one other dysregulated miRNA on patient survival. 

The respective coefficients from this analysis was were used as multiplication 

factors for the two miRNA to create a score for survival. The calculation of the 

risk score followed the equation below: 

Risk	score =+𝛽𝒾

𝓃

𝒾#$

𝜒𝒾 

where 𝛽 is the regression coefficient, and 𝜒 is the expression of the miRNA 

within the TCGA HNSCC Cancer cohort305-309. 

In this instance, the risk score was to be based on two miRNA, thus the 

equation becomes: 

Risk	Score = 	𝛽%&'()	$𝜒%&'()	$ +	𝛽%&'()	+𝜒%&'()	+ 

This risk score was calculated for each patient in the HNSCC Cancer cohort 

using the respective expression values of the two analysed miRNAs. The score 

values for each miRNA were separated into two groups based on its median 

risk score. The difference in survival according to high and low risk score was 

visualised using a Kaplan Meier plot305-309. 

4.3.2.1 Upregulated miRNAs 

Two-variable Cox Regression Analysis was applied to the miRNAs identified as 

upregulated with miR-21 in the OpenArray. A summary of this analysis is shown 

in Table 4.1. Of the upregulated miRNAs, only miR-100-5p had a significant 

regression coefficient when in combination with miR-21. 
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The coefficients for miR-21 and the second miRNA were used as a multiplier to 

determine the risk score for each patient, which was separated by its median for 

Kaplan-Meier analysis (Figure 4.5 and Figure 4.6). There was a significant 

difference in survival between the high and low combined score for miR-21 and 

miR-340-5p, where a high score indicated a lower chance of survival (Figure 

4.5A). 
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Table 4.1 Summary of the two-variable Cox Regression Analysis combining 

miR-21 with one of the upregulated miRNAs, including the regression coefficient 

and p-value. Significant p-values are indicated in bold and italics. n=482. 

miRNA miR-21 Cox 
Regression 
coefficient 

miR-21 
p-value 

miRNA Cox 
Regression 
coefficient 

miRNA 
p-value 

miR-100-5p 0.06898 0.434711 0.29472 0.000101 
miR-148b-
5p 

-0.02735 0.757 -0.09710 0.493 

miR-196b-
5p 

0.04026 0.6817 -0.08308 0.0751 

miR-20a-3p -0.01963 0.818 -0.12370 0.113 
miR-31-5p -0.13083 0.178 0.01742 0.628 
miR-340-5p -0.03437 0.6869 0.16208 0.0539 
miR-378a-
5p 

-0.059762 0.518 -0.009593 0.898 

miR-590-3p -0.03981 0.636 -0.12329 0.284 
miR-99a-5p -0.11202 0.223 -0.08440 0.108 
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Figure 4.5 Kaplan-Meier survival curves for based on the score calculated from 
miR-21 in combination with: A) miR-340-5p, B) miR-100-5p, C) miR-196-5p, D) 

miR-20a-3p, E) miR-378a-5p, and F) miR-148b-5p. In each figure, red 

represents a lower risk score (n=241) while blue indicates a higher risk score 

(n=241), relative to the median score. Time is measured in years. P-value 

calculated from Kaplan-Meier analysis.
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Figure 4.6 Kaplan-Meier survival curves for based on the score calculated from 

miR-21 in combination with: A) miR-31-5p, B) miR-590-3p, and C) miR-99a-5p. 

In each figure, red represents a lower risk score (n=241) while blue indicates a 

higher risk score (n=241), relative to the median. Time is measured in years. P-

value calculated from Kaplan-Meier analysis. 
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4.3.2.2 Downregulated miRNAs 

The same two-variable Cox Regression Analysis was applied to combine miR-

21 with each of the downregulated miRNAs to create an overall risk score. This 

analysis is summarised in Table 4.2. Of the ten miRNAs, miR-150-5p, miR-20b-

5p and miR-520e-3p had statistically significant coefficients when in 

combination with miR-21. 

The risk score calculations based on miR-21 and a single other downregulated 

miRNA were calculated from the HNSCC cancer cohort, and used for Kaplan 

Meier analysis (Figure 4.7 and Figure 4.8). The scores combining miR-21 

expression with that of miR-328-3p (Figure 4.7A) or miR-92a-3p (Figure 4.7B) 

were statistically significant, with a high risk score indicating a lower chance of 

survival in both cases. 

Overall, the derivation of a risk score from miR-21 and another miRNA based 

on Cox Regression Analysis allowed for the clinical assessment of miR-21 

driven miRNA:miRNA interactions in relation to the chance of overall survival for 

HNSCC patients. 

  



 

 145 

Table 4.2 Summary of the two-variable Cox Regression Analysis combining 

miR-21 with one of the upregulated miRNAs, including the regression coefficient 

and p-value. Significant p-values are indicated in bold and italics. n=482 

 

 

miRNA miR-21 Cox 
Regression 
coefficient 

miR-21 
p-value 

miRNA Cox 
Regression 
coefficient 

miRNA p-
value 

miR-146b-
5p 

-0.11663 0.251 0.09327 0.276 

miR-150-
5p 

-0.04010 0.6336 -0.10111 0.0326 

miR-20b-
5p 

-0.05184 0.5370 -0.11384 0.0354 

miR-215-
5p 

-0.04590 0.589 0.03462 0.713 

miR-328-
3p 

-0.05850 0.484 0.12496 0.148 

miR-375-
3p 

-0.003413 0.974 0.028406 0.418 

miR-425-
5p 

-0.04611 0.604 -0.02065 0.780 

miR-520e-
3p 

-0.1759 0.484312 0.7348 0.000414 

miR-652-
3p 

-0.05340 0.523 -0.02349 0.820 

miR-92a-
3p 

0.001645 0.9852 -0.182910 0.0796 
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Figure 4.7 Kaplan-Meier survival curves for based on the score calculated from 
miR-21 in combination with: A) miR-328-3p, B) miR-92a-3p, C) miR-150-5p, D) 

miR-378-3p, E) miR-520e-3p, and F) miR-215-5p. In each figure, red represents 

a lower score (n=241) while blue indicates a higher score (n=241), relative to 

the median. Time is measured in years. P-value indicated by Kaplan-Meier 

analysis.  

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++

+++++++++++++ + +++
+

+ ++ +

+

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++

++
+

+

+ + +
p = 0.044

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−328−3p Expression + +Low High

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++
++++

+ +
++

+ ++ +

+++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++++++++++++++++++++++++++++++++++
+++
+ +

+ +

++ + +
+

p = 0.0044

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−92a−3p Expression + +Low High

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++

++++ ++
+ ++

+ ++ +

+

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++

++
+ +

+

++ + +
p = 0.088

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−150−5p Expression + +Low High

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++

+++
+++

+ +
+
+

+ + +

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++

+ +++++
+ +

++ ++ +

+

p = 0.67

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−375−3p Expression + +Low High

+++++++++++++++++
++++
+++
+

+++

++
+
++

+

+

+

++++++++
++++++++++++

+++++++++

+

+
+

+ + +

+

+
p = 0.29

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−520e−3p Expression + +Low High

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

++++++++++++
++++++++

+++ ++
+

+ +
++ + +

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++++++
+++++++++++++++++++++++++++++++++++++++

+++
+++

++
+

++ + +
p = 0.35

0.00

0.25

0.50

0.75

1.00

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Time (years)

Su
rv

iva
l p

ro
ba

bi
lit

y

Combined score for hsa−miR−21−5p 
and hsa−miR−215−5p Expression + +Low High

A
 A

B
 A

C D
 A

F
 A

E 



 

 147 

 

 

 

Figure 4.8 Kaplan-Meier survival curves for based on the score calculated from 

miR-21 in combination with: A) miR-425-5p, B) miR-652-3p, and C) miR-20b-

5p. In each figure, red represents a lower score (n=241) while blue indicates a 

higher score (n=241), relative to the median. Time is measured in years. P-

value indicated by Kaplan-Meier analysis. 
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4.3.3 Cox’s Proportional Hazard Ratio 

Next it was determined if the expression of the upregulated and downregulated 

miRNAs affected the overall risk of death of HNSCC patients. This was 

performed using the Cox’s Univariable Regression and Cox’s Multiple 

Regression Proportional Hazard Ratio. In this series of analyses, a hazard ratio 

(HR) of one (1) indicates that there is no change in the risk of death with relation 

to miRNA expression. An HR above one indicates that high expression of the 

analysed miRNA was associated with an increased risk of death, while an HR 

below one signifies that high expression of the miRNA was associated with a 

reduced risk of death. 

For miR-21, the HR was calculated to be 0.97186 and was not statistically 

significant (Table 4.3). This indicates that within the TCGA HNSCC dataset, 

miR-21 expression does not influence the risk of death. 

4.3.3.1 Upregulated miRNAs 

4.3.3.1.1 Univariable Analysis 

Univariable Cox’s Regression was used to assess the potential for a single 

miRNA to influence the risk of death. Of the top-most miRNAs upregulated by 

miR-21, only miR-100-5p and miR-99a-5p altered the risk of death to a 

statistically significant degree (Table 4.3). Patients with high miR-100-5p levels 

had an increased risk of death by a factor of 1.279, compared to those with low 

miR-100-5p (p-value = 0.00457). Conversely, high levels of miR-99a-5p 

decreased the risk of death by a factor of 0.84099 compared to those with low 

levels (p-value = 0.00271). This indicates that low miR-99a-5p increases the 

risk of death from HNSCC 

4.3.3.1.2 Multiple Regression Analysis 

Cox’s Multiple Regression Analysis was applied to the miRNAs upregulated by 

miR-21 to determine if a combination of the miRNAs may be used to estimate 

the risk of death. In this model, three of the miRNAs were statistically 



 

 149 

significant; miR-100-5p (HR=1.57, p-value < 0.001), miR-340-5p (HR=1.28, p-

value = 0.015) and miR-99a-5p (HR=0.76, p-value < 0.001) (Figure 4.9).   
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Table 4.3 Univariable Cox’s regression for miR-21 and its upregulated miRNAs. 

Statistical significance is indicated by bold and italics. n=482. 

miRNA Hazard 
Ratio 

Upper CI Lower CI z-statistic Wald test 
p-value 

miR-21-5p 0.97186 1.37 0.6895 -0.163 0.871 
miR-100-5p 1.279 1.517 1.079 2.836 0.00457 
miR-148b-5p 0.98978 1.339 0.7315 -0.067 0.947 
miR-196b-5p 1.041 1.072 0.8611 -0.72 0.471 
miR-20a-3p 1.085 1.091 0.7779 -0.95 0.342 
miR-31-5p 1.04 1.123 0.9636 1.013 0.311 
miR-340-5p 1.09065 1.307 0.9169 0.94 0.347 
miR-378a-5p 0.96412 1.161 0.8004 -0.385 0.7  
miR-548d-3p - - - - - 
miR-590-3p 0.8321 1.056 0.6555 -1.509 0.131 
miR-99a-5p 0.84099 0.9418 0.751 -2.999 0.00271 
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Figure 4.9 Cox’s Multiple Regression for the miRNAs upregulated with miR-21, 

with their associated HR, 95% confidence interval, and p-value. A p-value <0.05 

was indicated by *, and a p-value < 0.001 was indicated by ***.
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4.3.3.2 Downregulated miRNAs 

4.3.3.2.1 Univariable Analysis 

Univariable Cox Regression was applied to the top-most miRNAs 

downregulated by miR-21 (Table 4.4). This analysis indicated that three 

miRNAs, miR-150-5p, miR-520e-3p, and miR-20b-5p, had statistically 

significant hazard ratios. Of these, miR-150-5p (HR=0.9024, p-value = 0.0292) 

and miR-20b-5p (HR=0.89190, p-value = 0.034) had a hazard ratio below 1, 

indicating that high levels of these two miRNAs individually decrease the risk of 

death compared to low expression. This is in line with the observation that miR-

150-5p and miR-20b-5p exhibited lower expression in deceased patients. 

Those with increased miR-523e-3p had an elevated risk of death by a factor of 

2.0631 compared to those with low expression (p-value = 0.000486). 

4.3.3.2.2 Multivariable Analysis 

Multivariable Regression Analysis was applied to the miR-21 downregulated 

miRNAs, resulting in one statistically significant miRNA, miR-520e-3p with a 

hazard ratio of 2.04 (p-value = 0.001) (Figure 4.10). This indicates that an 

increased expression of miR-520e-3p increases the chance of death two-fold. 
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Table 4.4 Univariable Cox’s Regression for the miR-21 downregulated miRNAs. 

Statistical significance is indicated by bold and italics. n=482. 

miRNA Hazard 
Ratio 

Upper CI Lower CI z-statistic Wald test 
p-value 

miR-150-5p 0.9024 0.9897 0.8228 -2.181 0.0292 
miR-375-3p 1.02952 1.088 0.9746 1.039 0.299 
miR-520e-3p 2.0631 3.099 1.373 3.488 0.000486 
miR-215-5p 1.03070 1.238 0.8581 0.323 0.746 
miR-328-3p 1.13263 1.341 0.9548 1.426 0.154 
miR-425-5p 0.96713 1.11 0.8429 -0.476 0.634 
miR-92a-3p 0.83344 1.008 0.6891 -1.878 0.0604 
miR-652-3p 0.97330 1.19 0.7957 -0.263 0.792 
miR-20b-5p 0.89190 0.9914 0.8024 -2.12 0.034 
miR-146b-5p 1.04174 1.201 0.9038 0.564 0.573 
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Figure 4.10 Multivariable Cox’s Regression for the miR-21 downregulated 
miRNAs, with their associated HR, 95% confidence interval, and p-value. P-

value < 0.001 indicated by **.
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4.3.4 Using Bayesian Model Averaging (BMA) to Predict Death in HNSCC 

Patients 

BMA analysis was used to create a prognostic model to predict the chance of 

death given the levels of the dysregulated miRNA. A series of binomial models 

for the upregulated and downregulated miRNAs were created within R Studio. A 

training (70%) and test (30%) dataset were created from the HNSCC TCGA 

dataset Cancer cohort for the given miRNAs. BMA was applied separately to 

the upregulated and downregulated miRNAs to determine the miRNAs likely to 

be included in the final generalised linear model. This was also represented by 

variable importance, which is the quantification of the contribution of a miRNA 

across the different regression models276. Models were created until the 

combinations of miRNA no longer suited the data. K-fold cross-validation was 

performed with a K of 10, and was repeated 3 times. The resultant data was 

used to test the sensitivity and specificity of the models through the ROC curve 

and AUC calculations. 

4.3.4.1 Upregulated miRNAs 

Of the miRNAs upregulated in the presence of high miR-21, BMA analysis 

showed that miR-100-5p, miR-340-5p, and miR-99a-5p were consistently 

present across the models, thus indicating their importance in predicting the 

chance of death (Figure 4.11A). Important miRNAs for predicting mortality 

within the upregulated miRNAs were also analysed using the training and test 

datasets. This again indicated that miR-340-5p, miR-100-5p, and miR-99a-5p 

may be valuable in the prediction of mortality (Figure 4.11B). 

Statistical output of the binomial model involving the top-most miR-21-

upregulated miRNAs indicated that only the coefficients for miR-100-5p, miR-

340-5p, miR-590-3p, and miR-99a-5p were significant (Table 4.5). ROC 

analysis was applied to this binomial model, which resulted in a sensitivity of 

0.6168, a specificity of 0.5138, and an AUC of 0.653 (Figure 4.12A). The input 

miRNAs were filtered down to include those with a p-value <0.1 from the BMA 

analysis. This produced a binomial model whereby all miRNAs were statistically 
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significant (Table 4.5). ROC analysis of this model showed that it had a 

sensitivity of 0.6455, a specificity of 0.6176, and an AUC of 0.652 (Figure 

4.12B).  



 

 157 

 

Figure 4.11 BMA analysis of the importance of the miR-21 upregulated 
miRNAs. A) The inclusion of upregulated miRNAs in across the different 

iterations of the BMA models. The inclusion of the miRNA is indicated by the 

solid horizontal bars, where red indicates a positive variable estimate, and blue 

represents a negative variable estimate. The model number (#) is shown on the 

x axis. B) Relative importance of each of the upregulated miRNAs in the 

prediction model as a percentage.  
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Table 4.5 Summary of the two BMA models from the upregulated miRNAs. 

Statistical significance is indicated by bold and italics. 

 Model 1 Model 2 
 Estimate z-

value 
p-value Estimate z-

value 
p-value 

Intercept -2.07782 -0.519 0.603673 -1.84282 -1.609 0.107608 
miR-21-5p 0.01320 0.065 0.948447 - - - 
miR-100-
5p 

0.34347 3.389 0.000702 0.34890 3.539 0.000401 

miR-196-
5p 

0.01498 0.220 0.825879 - - - 

miR-20a-
3p 

-0.05614 -0.466 0.641355 - - - 

miR-340-
5p 

0.31091 2.569 0.010214 0.32205 2.765 0.005695 

miR-378a-
5p 

0.03518 0.319 0.749666 - - - 

miR-590-
3p 

-0.36955 -2.220 0.026407 -0.37894 -2.511 0.012032 

miR-99a-
5p 

-0.33404 -4.119 3.81e-05 -0.31997 -4.266 1.99e-05 
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Figure 4.12 ROC-AUC plots for A) model 1 and B) model 2 for the upregulated 

miRNAs. Values for sensitivity were plotted against specificity for each iteration 

of the ROC, with a reversed x-axis. The diagonal line indicates random 

performance of the model. The AUC value for the model is displayed within the 

respective graph.  
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4.3.4.2 Downregulated miRNAs 

A similar analysis was performed on the top-most downregulated miRNAs, 

whereby the BMA model iterations indicated the frequent inclusion of miR-20b-

5p and miR-520-3p (Figure 4.13A). However, these miRNAs had values 

missing across the TCGA HNSCC cohort, and therefore could not be inputted 

into the BMA analysis. Figure 4.13B, which depicts the relative importance of 

each miRNA in the model algorithm, indicates that miR-328-3p, miR-92a-3p and 

miR-150-5p are the most important in the prediction model. 

The output of the statistical model of the downregulated miRNAs indicated that 

the coefficients for miR-150-5p, miR-328-3p and miR-195-5p were statistically 

significant (Table 4.6). This produced a model with a specificity of 0.5, a 

sensitivity of 0.6071, and an AUC of 0.643 (Figure 4.14A). 

A second model was computed by selecting the miRNAs that had a p-value 

below 0.1 in the initial model. All miRNAs in this model have statistically 

significant coefficients (Table 4.6). This second model had a sensitivity of 

0.6355, a specificity of 0.5676, and an AUC of 0.629 (Figure 4.14B). 
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Figure 4.13 The BMA analysis of the miRNA downregulated by miR-21. A) The 

inclusion of the downregulated miRNAs in different iterations of the BMA model. 

The inclusion of a miRNA is indicated by solid horizontal bars, where red 

indicates a positive variable estimate, and blue represents a negative variable 

estimate. The model number (#) is shown on the x axis. B) Relative importance 

of each of the downregulated miRNAs in the prediction model as a percentage.   
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Table 4.6 Summary of the two BMA models from the downregulated miRNAs. 

Statistical significance is indicated by bold and italics. 

 Model 1 Model 2 
 Estimate z-value p-value Estimate z-value p-value 
Intercept 4.05993 0.932 0.35147 4.18327 2.131 0.033074 
miR-21-5p -0.04039 -0.188 0.85126    
miR-150-5p -0.20314 -3.109 0.00188 -0.16845 -2.806 0.005016 
miR-375-3p -0.03116 -0.674 0.50046    
miR-328-3p 0.37071 3.254 0.00114 0.37198 3.297 0.000976 
miR-425-5p 0.12897 1.166 0.24376    
miR-146b-
5p 

0.14693 1.221 0.22214    

miR-92a-3p -0.41620 -2.745 0.00606 -0.32352 -2.479 0.013191 
miR-652-3p 0.07143 0.517 0.60533    
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Figure 4.14 ROC-AUC plots for A) model 1 and B) model 2 for the 

downregulated miRNAs. Values for sensitivity were plotted against specificity 

for each iteration of the ROC, with a reversed x-axis. The diagonal line indicates 

random performance of the model. The AUC value for the model is displayed 

within the respective graph. 
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4.3.4.3 All Dysregulated miRNAs 

All of the top-most miRNAs dysregulated by miR-21 were input into the BMA 

model to determine if a combination of these miRNAs would be more accurate 

in predicting patient death compared to an individual miR-21-dysregulated 

miRNA. The summary of the BMA models, as shown in Figure 4.15, indicates 

that miR-100-5p, miR-99a-5p, miR-150-5p, miR-328-3p, and miR-340-5p were 

consistently included across model permutations. This is also indicated by the 

relative importance of these same miRNA in Figure 4.16. 

All of the investigated miRNAs were input into a BMA statistical model to 

determine their contribution to the prediction of death. The miRNAs that were 

significant in this model included the miR-21-upregulated miRNAs miR-100-5p, 

miR-340-5p and miR-99a-5p, as well as the miR-21 downregulated miRNAs 

miR-150-5p and miR-328-3p (Table 4.7). This model had a sensitivity of 0.6250, 

a specificity of 0.6329, and an AUC of 0.727 (Figure 4.17A). 

Those miRNAs with a p-value less than 0.1 were included in a second BMA 

model. All the miRNAs in this model except for miR-425-5p were statistically 

significant (Table 4.7). This model had a sensitivity of 0.6667, a specificity of 

0.6667, and an AUC of 0.717 (Figure 4.17B). 
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Figure 4.15 The inclusion of the top-most miR-21 upregulated and 
downregulated miRNAs in different iterations of the BMA model. The inclusion 

of the miRNA is indicated by the solid horizontal bars, where red indicates a 

positive variable estimate, and blue represents a negative variable estimate. 

The model number (#) is shown on the x axis. 
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Figure 4.16 The relative importance of the top-most upregulated and 

downregulated miRNAs dysregulated by miR-21 within the BMA analysis, 

presented as a percentage. 
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Table 4.7 Summary of the two death prediction models produced from the top-

most dysregulated miRNAs by miR-21. Statistical significance is indicated by 

bold and italics. 

 Model 1 Model 2 
 Estimate z-

value 
p-value Estimate z-value p-value 

Intercept -0.02051 -0.006 0.995546 0.09531 0.044 0.964544 
miR-21-5p -0.05327 -0.349 0.727321    
miR-100-5p 0.48124 4.875 1.09e-06 0.51083 5.426 5.76e-08 
miR-196b-
5p 

-0.01728 -0.277 0.781982    

miR-20a-3p -0.12652 -0.873 0.382549    
miR-340-5p 0.40811 3.206 0.001347 0.32809 2.997 0.002723 
miR-378a-
5p 

0.12227 1.130 0.258353    

miR-590-3p -0.23535 -1.451 0.146683    
miR-99a-5p -0.29047 -3.614 0.000302 -0.20724 -2.897 0.003766 
miR-150-5p -0.19786 -2.961 0.003068 -0.22048 -3.657 0.000256 
miR-375-3p 0.03587 0.976 0.329153    
miR-328-3p 0.40999 3.886 0.000102 0.38780 3.733 0.000189 
miR-425-5p 0.21624 1.923 0.054440 0.17733 1.805 0.071144 
miR-146b-
5p 

-0.02522 -0.213 0.831498    

miR-92a-3p -0.30491 -1.743 0.081333 -0.46385 -3.343 0.000829 
miR-652-3p -0.18271 -1.209 0.226807    
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Figure 4.17 ROC-AUC plots for A) model 1 and B) model 2 for all investigated 

miRNAs. Values for sensitivity were plotted against specificity for each iteration 

of the ROC, with a reversed x-axis. The diagonal line indicates random 

performance of the model. The AUC value for the model is displayed within the 

respective graph.  
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4.4 Discussion 

At present, HNSCC has a world-wide mortality rate of 51%301. Many biomarkers 

have been explored for HNSCC in order to detect the disease60, select the best 

treatment option310, and estimate survival46. Clinical characteristics, such as 

DOI, lymph node involvement46,302, TNM stage184, and HPV status25 have all 

been described as significant factors in estimating HNSCC prognosis.  

miRNA have been investigated as potential biomarkers across a range of 

cancer tissues because of their cell-type specificity and distinct levels in cancer 

compared to normal cells288. Additionally, a panel of miRNAs has been shown 

to be more accurate in classifying cancer and normal samples compared to 

mRNAs288. In HNSCC, miRNA have been utilised to predict the presence of 

disease, as well as survival outcomes. For example, the ratio of miR-196a to 

miR-204 expression was predictive of both disease-free survival and overall 

survival across several HNSCC patient cohorts304. Additionally, the ratio of miR-

221 to miR-375 was diagnostic for HNSCC, with a sensitivity of 0.92 and a 

specificity of 0.9360. A panel of 11 miRNAs has previously been integrated with 

the traditional risk factors of TNM stage, tumour grade and hypoxia score to 

develop a prognostic tool for HNSCC. The miRNAs involved were implicated in 

cancer development pathways such as DNA damage resistance, TGFB 

signalling, angiogenesis, invasion and EMT274.  

In Chapter 3, several miRNAs were identified as upregulated or downregulated 

in response to miR-21 overexpression in a HNSCC cell line. Given the 

propensity for miRNA to be involved in pathogenic processes, this chapter 

aimed to determine the impact of the miR-21-dysregulated miRNAs on patient 

survival. The analysis of the TCGA HNSCC patient cohort identified several 

miRNAs that were influential to patient survival, including: miR-99a-5p, miR-

100-5p, miR-92a, miR-340-5p and miR-150-5p. Additionally, a series of models 

were created from the dysregulated miRNAs to predict patient prognosis. 

Ultimately, this analysis determined that the miRNAs influenced by miR-21 

influence overall survival likelihoods and may be used to predict patient 
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outcomes, which expands the utility of miRNA:miRNA interactions. Ultimately, 

the combination of miR-21 and its regulation of specific miRNA via 

miRNA:miRNA interactions may affect survival outcomes of HNSCC patients.  

4.4.1 The Role of miRNA in HNSCC Survival 

Many of the miRNAs involved in this chapter’s analysis have been previously 

identified to impact patient survival in HNSCC or other cancers. Consistent with 

the current literature, the results for the Kaplan-Meier and Cox’s Univariate 

Regression Analysis of miR-99a-5p both demonstrated that low levels of miR-

99a-5p are associated with a decreased chance of patient survival275,308,311. 

Some of these studies were based upon the same TCGA HNSCC cohort used 

in this analysis. However, research by Chen et al.311 confirmed that the negative 

impact of miR-99a-5p on survival was consistent across multiple datasets. In 

HNSCC, lower levels of miR-99a-5p have been associated with increased cell 

proliferation, migration and invasion275, and thus a higher T, N, and histologic 

stage308. In the context of high levels of miR-21, as explored in this thesis, low 

levels of miR-99a would likely exacerbate oncogenic changes in HNSCC. 

In this analysis, miR-100-5p exhibited high expression levels in patients who 

were deceased. This was supported by the regression analysis, which found 

that high levels of miR-100-5p increased the risk of death by 1.279-fold. 

Previous studies into the impact of miRNA on HNSCC survival found that miR-

100-5p had an HR of 1.18312 and 1.88313, which is consistent with the findings of 

this chapter. Across several cancer types, elevated expression of miR-100-5p 

has been associated with chemotherapy resistance, specifically to 

Cetuximab314. It is also involved in the indirect control of genes that are 

responsible for myelin development and metastasis in OSCC303. However, other 

works have described miR-100-5p as downregulated in HNSCC compared to 

surrounding tissues156, likely due to copy number deletions in Chromosome 

11q303. Given the hypothesis that miR-21 elevates miR-100-5p expression, this 

interaction has the potential to shift the malignancy towards a more aggressive 

phenotype, supplementing the oncogenic changes caused by miR-21. 
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Another upregulated miRNA, miR-340-5p, was an important predictor of death 

in the HNSCC patient cohort. High levels of miR-340-5p have been found in the 

extracellular vesicles of hypoxic oesophageal cancer cells315. Through these 

vesicles, miR-340-5p is introduced to surrounding cells, ultimately resulting in 

decreased apoptosis, proliferation, and radiotherapy resistance315. In this case, 

high levels of miR-340-5p are associated with poor recurrence-free survival315. 

This is in line with this thesis’ findings that miR-340-5p showed higher 

expression in those that are deceased, and was a positive predictor of death in 

the BMA analysis. However, studies in LSCC have demonstrated that miR-340-

5p decreased with disease progression, which promoted cancer growth through 

increased Yes-associated Protein 1 (YAP1) and downstream activation of the 

PI3K-Akt pathway316,317. Given the contradiction between the results of this 

chapter and the current literature on miR-340-5p expression in HNSCC, further 

survival analysis across the subtypes of HNSCC may provide more insight as to 

the influence of this miRNA on disease prognosis. 

According to the modelling within this chapter, low miR-150-5p expression was 

a significant predictor of death within the TCGA HNSCC cohort. This 

consolidates the previously established findings that it was downregulated with 

miR-21 overexpression, and was significantly lower in deceased individuals 

within the TCGA. miR-100-5p has been shown to be consistently 

downregulated in HNSCC318 and NPSCC cohorts, with low miR-150-5p present 

in approximately 82.4% of the tested NPSCC cohort319. Lower miR-150 leads to 

increased cell invasion, migration and proliferation through the induction of 

EMT, which advances tumour stage and negatively impacts overall 

survival318,319. It may also act as an indicator for disease progression, as a 

three-fold decrease in serum miR-150-5p was observed between NPSCC 

patients at stage T2 and stage T3319. Thus, the downregulation of miR-150-5p 

observed with miR-21 overexpression may act congruently to contribute to 

cancer progression.  

Two of the miRNAs investigated in terms of HNSCC survival, miR-20a and miR-

92a, are part of the miR-17~92a cluster. The Kaplan-Meier analysis of both of 
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these miRNAs indicated that lower expression levels were associated with 

decreased overall survival. However, only miR-92a was a significant negative 

predictor for death within the BMA models. Both of these miRNAs have 

contradicting studies in terms of their observed expression in the subsets of 

HNSCC and their impact on survival. For cancer generally, miR-92a levels are a 

significant indicator of overall survival, but whether it is overexpressed or under 

expressed depends on the cancer type320. This distinction is observed between 

HNSCC subsites, as low miR-92a expression was observed in deceased 

patients and incorporated into a model for OPSCC survival, but not in the 

equivalent models for OSCC and LSCC321. High expression of miR-92a has 

been observed in NPSCC, and was correlated with decreased overall 

survival322. This heterogeneity is also present for miR-20a, as it has been found 

to be upregulated in HPV-positive OSCC323 but downregulated in NPSCC292. In 

OSCC, HPV infection and expression of the E7 oncogene upregulated miR-

20a, which inhibits invasion and metastasis323. Thus, the lower levels of miR-

20a observed in HPV-negative OSCC are disadvantageous to survival. A study 

examining post-operative NPSCC patients found that miR-20a was 

downregulated in those with a shorter survival time, and that its levels continued 

to decrease with disease progression and invasion292. Thus the observed 

changes in miR-20a and miR-92a with miR-21 overexpression may aid in 

furthering oncogenic changes, or prevent tumorigenesis, depending on the 

subsite of HNSCC. 

4.4.2 Limitations and Future Avenues 

Several shortcomings became apparent through the process of performing 

survival analysis of the miR-21 dysregulated miRNAs. Of main concern is that 

the Cox Regression and Kaplan-Meier analysis both indicated that miR-21 did 

not impact the chance of patient survival. This is in direct contradiction to the 

literature, where the consensus is that high miR-21 expression is associated 

with poor overall survival296,324, recurrence304, and an advanced stage of 

HNSCC325. According to several meta-analyses, the HR for miR-21 is between 

1.5 to 1.7296,326,327, suggesting that those with high expression levels of miR-21 
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have a higher risk of death, and that it may be a prognostic factor for HNSCC. It 

had been previously shown in Chapter 3 that a higher expression of miR-21 

was present in primary HNSCC compared to normal tissue. However, this 

chapter’s inquiry into the effect of miRNAs on survival was based on the primary 

HNSCC dataset composed of only cancer patients. Thus, the inherently high 

miR-21 levels in the HNSCC patients may have biased the calculation of the 

median for Kaplan-Meier analysis, or altered the Cox Regression calculations. 

Further investigation into the effect of miR-21 expression across the stages of 

HNSCC, or between those with and without disease recurrence, may address 

this disparity between the presented results and the literature. 

The aim of this chapter was to determine if the miRNA:miRNA interactions 

identified for miR-21 impacted HNSCC survival. From the initial Kaplan-Meier 

analysis it cannot be implied that the impact of the dysregulated miRNAs on 

HNSCC survival is directly linked to their potential relationship with miR-21. The 

assessment of these miRNAs only related to their individual median value, 

rather than considering the additional impact of miR-21 expression. This was 

addressed by conducting Multivariable Cox Regression Analysis combining 

miR-21 with one other miRNA to create a risk score. Although miR-21 was not 

significant in any of the analysed miRNA pairs, the risk score in combination 

with either miR-340, miR-328, or miR-92a indicated a significant difference in 

survival. Testing and validation of these miRNA combinations should be 

conducted before they are considered for use as prognostic biomarkers. 

Another method that may be applied to investigate the impact of miRNA:miRNA 

interactions on prognosis is the generation of a generalised linear model 

incorporating miR-21 expression and patient survival, and applying this to the 

miRNA of interest.  

Also to be considered is that this analysis was only performed on one cohort. 

Verification against other HNSCC patient cohorts, such as those available 

through the Gene Expression Omnibus (GEO), would provide more definitive 

information on the impact of these miRNAs on survival probability. Previous 

studies that have measured miRNA changes across several cohorts have found 
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that there are inherent biases in miRNA expression related to the source 

population, geographical location and available treatments for HNSCC304. 

Cross-validation of the differentially expressed miRNAs across multiple cohorts 

would allow for the development of more robust diagnostic and prognostic 

prediction models. Given the TCGA cohort consists of a combination of HNSCC 

subsites, further analysis should also be performed to determine subsite-

specific biomarkers for HNSCC survival. The methods applied in this chapter 

are also highly adaptable and can be applied to investigate the influence of 

miRNA:miRNA interactions on patient survival in other cancer types. 

4.4.3 Conclusions 

This chapter has analysed the top-most miRNAs altered by miR-21 

overexpression in relation to their impact on patient survival. From the HNSCC 

TCGA dataset, Kaplan-Meier analysis established that decreased levels of miR-

99a-5p, miR-20a-3p and miR-92a-3p were indicative of poor survival. Bayesian 

modelling suggested that a subset of the upregulated and down-regulated 

miRNAs, including miR-100-5p, miR-99a-5p, miR-340-5p and miR-150-5p, 

could be used to predict survival. In the context of miRNA:miRNA interactions, 

the regulation of these miRNAs by miR-21 may increase the cells oncogenic 

potential, and thus impact overall patient prognosis.  

  



175 

5 Chapter 5 - In Vitro Verification of the miRNA:miRNA 

Interactions of miR-21 

5.1 Introduction 

This introduction consists of a Forum paper published in Trends in Cell 
Biology. 

Hill, M. & Tran, N. Global miRNA to miRNA Interactions: Impacts for miR-21. 

Trends in cell biology 31, 3-5 (2021)328. 

5.1.1 Abstract 

MicroRNAs (miRNAs) inherently alter the cellular environment by regulating 

target genes. MiRNAs may also regulate other miRNAs, with far-reaching 

influence on miRNA and mRNA expression. We explore this realm of small 

RNA regulation with a focus on the role of the oncogenic miR-21 and its impact 

on other miRNA species.  

5.1.2 Canonical miRNA Function 

MicroRNA, a form of non-coding RNA (ncRNA), negatively regulates target 

mRNA via the identification of miRNA Recognition Elements (MRE’s) within the 

3´ untranslated region (UTR)81. Up to 60% of known mRNAs are regulated in 

this manner, and each miRNA family has been estimated to target 534 different 

mRNA329. 

The canonical biogenesis of these small regulators consists of a series of 

cleavage steps. In the nucleus, Drosha and Di George Critical Region 8 

(DGCR8) cleave primary (pri)-miRNA to produce precursor (pre)-miRNA, which 

is followed by Dicer cleavage in the cytoplasm to form double-stranded 

miRNA81. One strand of this complex is incorporated into the RNA Induced 

Silencing Complex (RISC), which facilitates miRNA-driven gene suppression 

(Figure 5.1)81. 
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5.1.3 The regulation of miRNAs by miRNAs 

MicroRNAs are well established as negative regulators of gene expression 

within the literature81. However, an unconventional aspect of miRNA functioning 

is their role in controlling the expression of other miRNAs (Figure 5.1). This is 

called a miRNA:miRNA interaction199. Current evidence suggests that these 

may occur directly between miRNAs at the pri-miRNA or mature miRNA stages 

of their biogenesis, or via indirect means, such as the targeting of transcription 

factors or regulators of miRNAs199. 

5.1.4 The Cellular Impact of miRNA:miRNA interactions 

The regulatory impact of a miRNA or set of miRNAs on mRNA expression has 

only recently been considered. In the cardiac cells of transgenic mice 

overexpressing miR-499, it was shown that miR-499 was able to regulate target 

genes but also the expression of 11 miRNAs, including miR-34c-5p, miR-208b-

3p, and miR-214-5p13. Of the 969 downregulated target genes that were 

identified, only 7.8% were verified miR-499 targets, while 38.8% were targets of 

the 11 upregulated miRNAs13. This indicates that hundreds of genes may be 

altered in expression as a result of secondary miRNA and mRNA changes. 

What directs these alterations is currently unknown, but it is evident that 

miRNA:miRNA interactions have substantial compounding effects on miRNA 

and mRNA expression. 

A similar study in Ovarian Cancer found that only 14% and 11.9% of 

differentially expressed genes were targets of the transfected miR-7 and miR-

128, respectively221. These miRNAs were chosen as they are highly 

upregulated in ovarian cancer tissue and are related to cancer progression 

through their control of EGFR221. This indicates that the majority of dysregulated 

target genes are the result of changes in other miRNAs, exhibiting the widening 

impact of miRNA:miRNA interactions on the molecular milieu. 

Groups of miRNAs, rather than individual miRNAs, also participate in 

miRNA:miRNA regulation. Ooi et al., in their study of cardiac pathology, 
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discovered that the three members of the miR-34 family (miR-34 a,b,c) co-

operate to positively control 60 pathological miRNAs, and 57 cardioprotective 

miRNAs. The balance of these two miRNA groups influences cardiac 

hypertrophy330. The created network demonstrated the suppression of 

transcription factors, such as Sirt1 and CTCF, via the miR-34 family members, 

which alter pri-miRNA transcription of “pathological” or “cardioprotective” 

miRNAs330. Another miRNA family acting together to alter miRNA expression is 

the miR-130 family (miR-130b, miR-301a and miR-301b)222. Within a mouse 

model, this miRNA family suppressed PPARƔ and STAT3, resulting in a 

decrease of miR-204, miR-424, and miR-503, and amplifying the signals for 

increased cell proliferation222. The decrease in these three miRNAs may 

contribute to the maintenance and progression of pulmonary hypertension 

observed in these mice222. This highlights that miRNA homeostasis has the 

potential to increase the pathogenicity of a single miRNA or miRNA family which 

in turn would have profound phenotypic consequences.  

5.1.5 The miRNA:miRNA interactions of miR-21 

The most ubiquitously upregulated miRNA in solid human malignancies is the 

oncogenic miRNA, miR-21331. For this reason, it is important to examine the 

implications of increased miR-21 expression, with a focus on miRNA:miRNA 

regulation and its cascading effect on cell functioning. Through these currently 

unexplored interactions, the notion is that miR-21 may facilitate and coordinate 

changes in the miRNA profile, altering cancer-related pathways and 

accumulating deleterious molecular alterations.  

Previously, miR-21 has been described to participate in several miRNA:miRNA 

interactions. However, these only considered its direct impact on miRNA or 

mRNA expression. A recent study showed that miR-21 stabilised mature miR-

499 in a post-transcriptional manner, which aided in the suppression of 

Programmed Cell Death 4 (PDCD4) in Head and Neck Squamous Cell 

Carcinoma (HNSCC), resulting in increased cancer growth and invasion331. 

Another example is the feedback loop between miR-21 and miR-145 via K-Ras, 

Activator Protein 1 (AP1), and Ras-responsive element-binding protein 1 
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(RREB1) in Colorectal Cancer220. This in turn aids the growth of colorectal 

cancer stem cells, and contributes to chemoresistance220.  

MiR-21 is also controlled through miRNA:miRNA regulation. In human liver cells 

it was found that the primary form of miR-21 is targeted by miR-122 in the 

nucleus206. Loss of the homeostatic suppression of miR-21 by miR-122 in 

Hepatocellular Carcinoma (HCC) results in in elevated miR-21 levels, and a 

subsequent decrease in its targets, such as PDCD4, resulting in increased 

cancer cell growth206. 

Current evidence also supports the regulation of pri-miRNAs by mature miRNAs 

within the nucleus206. Approximately 20% of cellular miR-21 is located within the 

nucleus92. Therefore, it is reasonable to hypothesise that miR-21 may target 

several pri-miRNAs. This phenomenon is yet to be fully explored and may apply 

to several miRNAs, further expanding and complicating their regulatory role. 

A visual summary of the miRNA:miRNA interactions of miR-21 are shown in 

Figure 5.1. This diagram encompasses the regulatory pathways involving both 

the nucleus and cytoplasm, and indicates potential pathways for the 

investigation of miRNA:miRNA interactions of miR-21. 
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Figure 5.1 Known and hypothesised examples of miR-21 mediated miRNA 

regulation. The canonical miRNA biogenesis of miR-21 is shown, whereby it is 

cleaved by Drosha and DGCR8, exported into the cytoplasm by Exportin 5, and 

cleaved again by Dicer before incorporation into RISC. Known miRNAs to 

interact with miR-21 are highlighted in panel A and are shown in blue. 

Hypothesised pathways for miRNA:miRNA regulation are demonstrated in 

panel B by dashed lines, with descriptors in red. The arrowheads or blunts ends 

depict the direction of the interaction. Figure created using BioRender. 
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5.1.6 Concluding Remarks  

Unveiling the underlying control of miRNAs by miR-21 has important 

implications in the future design and implementation of miRNA-directed 

therapeutics. For therapies of this kind, not only does the direct action of the 

therapeutic agent with the targeted miRNA need to be considered, but also the 

downstream alterations in miRNA and gene expression that may alter the effect 

of the therapeutic. So far the question of miR-21’s role in globally regulating 

miRNAs has yet to be addressed. The introduction of miRNA mimics and 

antisense inhibitors inherently alter the miRNA profile, and this approach is 

limited in its capacity to identify dysregulated miRNAs332. The reduction or 

deletion of miR-21 using methods such as knockout mouse models or Crispr-

Cas9 are similar to antisense inhibitors in terms of their impact on miRNA and 

mRNA expression, and thus also present challenges in the identification of 

miRNA:miRNA interactions332.  

Moving forward there is an urgent need to establish more appropriate methods 

to measure the interactions between miRNAs and their downstream effect in 

order to fully understand this form of regulation. At present, comparison to a 

scramble oligonucleotide provides the most accurate option for mimicking the 

effect of miRNA saturation as in the case of transfection, but has the 

disadvantage of also altering miRNA and mRNA levels. Cell type of origin and 

experimental conditions also need to be carefully considered to ensure that any 

conclusions concerning miRNA:miRNA interactions are scientifically sound.  

There is a new world of miRNA regulation and the exploration of these 

interactions would be vital to fully understand cellular processes in healthy and 

diseased cells. 

5.1.7 Chapter Aims 

In the previous chapters, a TaqManTM microarray platform was used to identify 

dysregulated miRNAs with the addition of miR-21 to UMSCC22B cells. This 

approach established a set of miRNAs that potentially participate in 
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miRNA:miRNA regulation with miR-21. These miRNAs had an influence on 

cancer related pathways such as the p53, FoxO, and MAPK signalling 

pathways, which drive proliferation, migration and invasion. Exploration into the 

influence of these miRNAs on patient outcomes found that only miR-340-5p and 

miR-92a-3p expression had a significant influence on survival.  

This chapter aimed to validate the findings of the miRNA microarray and TCGA 

data in relation to miR-21 expression in vitro. Additionally, it aimed to determine 

the further influence of miR-21 on HNSCC cells through miRNA sequencing. 
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5.2 Methods 

The methods for cell transfection, RNA isolation, cDNA production, and RT-

qPCR analysis were conducted according to the methods outlined in Chapter 2 

Section 2.2. Any optimisation of the protocol is noted within the results. 

5.2.1 Small RNA Next Generation Sequencing (NGS) 

Small RNA next generation sequencing (NGS) was performed on duplicates of 

UMSCC22B RNA samples transfected with 10pmol miR-21 mimic, 10pmol miR-

21 ASO, and 10pmol scramble control for 48 hours. The samples had a 

minimum of 1000ng of total RNA, a 260:280 ratio >2 and a 260:230 ratio >1.7. 

Small RNA NGS was outsourced to Ramaciotti Centre for Genomics, University 

of New South Wales, Kensington. Their services included sample quality 

control, small RNA library preparation, and single-end sequencing. Sequencing 

was performed at a depth of 80M reads per sample. The samples were 

prepared using the QIAseq miRNA preparation kit (QIAGEN, Netherlands), and 

utilised the Illumina NovaSeq 6000 sequencing system (Illumina® Inc., USA). 

The received output from the sequencing was a fastq file. 

5.2.1.1 miRNA Sequencing Analysis 

The analysis of the sequencing data consisted of three main stages: quality 

control, alignment, and differential expression. A flow chart of the analysis 

process is shown in Figure 5.2. 

FastQC (Version 0.11.8)333 was initially applied to the output fastq files to 

determine the characteristics of the output reads, their length, and the presence 

of adapters. The command line Cutadapt (Version 2.3)334 tool was used on the 

fastq files to remove all sequencing adapter regions and to filter the dataset to 

only include reads that were between 15 to 25nt in length. This process also 

removed any reads with a high percentage of non-identified nucleotides. 

Analysis with FastQC333 was repeated to ensure the retention of high quality 

read data. 
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Alignment to miRbase Version 2188,335-339 was performed using the Bowtie 

(Version 1.2.3)340-342 command line tool, with Hg38 as the reference genome. 

This created a Sequence Alignment Map (SAM) file. Using HTSeq (Version 

0.11.2)343, this file was converted into Binary Alignment Map (BAM) format, 

which was used to create a count file. The count file lists all the miRNAs present 

in the sample and their raw read count. 

The raw read files for each sample were imported into R Studio277 and merged 

together to perform miRNA differential expression analysis with DESeq2344. 

Graphical representation of the results was achieved using ggplot2254, 

pheatmap345 and patchwork266. 
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BAM file

Figure 5.2 Flow chart of the quality control, alignment and differential 

expression stages of miRNA sequencing analysis. The fastq file was run 

through quality control checks before and after undergoing adapter removal and 

filtering. Alignment to miRbase was performed using Bowtie, and the resulting 

SAM file was converted to a BAM file for counting miRNA features. The raw 

counts were imported into R Studio for further analysis. Software programs are 

denoted by an encasing rectangle.
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5.3 Results 

5.3.1 Dysregulated miRNAs Show Different Expression Across Cell Lines 

Firstly, a series of HNSCC cell lines were used to determine if there was a 

general trend between the expression of miR-21 and the expression of the 

dysregulated miRNAs from the OpenArray in Chapter 3. This was to assist in 

determining which cell types were more likely to undergo these potential 

miRNA:miRNA interactions. The tested cell lines included: HNSCC cell lines 

SCC154, UMSCC22B and HN17; HPV positive cervical cancer cell lines SiHa 

and Caski; and the normal prostate cell line PNT2 as a non-malignant control. 

The fold change expression of miR-21, miR-375, miR-31 and miR-30c was 

evaluated across six cell lines (Figure 5.3). This demonstrated that miR-21 was 

expressed at relatively high levels across all cell lines, with its lowest expression 

observed in UMSCC22B’s (100-fold in relation to RNU6B) (Figure 5.3A). The 

highest expression of miR-375 was observed in UMSCC22B cells (20-fold in 

relation to RNU6B) and PTN2 cells (15-fold in relation to RNU6B) (Figure 5.3B), 

which are the two cell lines that have the lowest levels of miR-21. This 

observation that high levels of miR-375 were present in cell lines with relatively 

lower levels of miR-21 is indicative that a relationship may be present between 

these two miRNA, and aligns with the observations made in the OpenArray.  

In looking at miR-31, it was expressed at high levels across all cell lines except 

for HN17 and PNT2 (200-fold in relation to RNU6B) (Figure 5.3C). This is 

consistent with its upregulation in response to miR-21 within the OpenArray. 

In the OpenArray, miR-30c was downregulated by miR-21. Across the cell 

panel, miR-30c showed a fold expression of over 1000-fold in SCC154, SiHa 

and Caski cells, in relation to RNU6B, while in 22B, HN17 and PNT2 cells it had 

a fold change below 200 in relation to RNU6B (Figure 5.3D). 

Observing the levels of these miRNAs across different cell lines shows that their 

expression is variable, and establishes that the interactions with miR-21 

identified by the OpenArray may be present in vitro.
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Figure 5.3 Relative fold expression of A) miR-21, B) miR-375, C) miR-31, and 

D) miR-30c across HNSCC cell lines, standardised by RNU6B expression. The 

RNU6B Cq values used for the miR-21 and miR-375 fold change calculations 

are shown in E), while the RNU6B Cq values for the miR-31 and miR-30c fold 

change calculations are shown in F). Data points represented as mean ± 

standard deviation. n=2.
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5.3.2  miR-21 Dysregulates miRNAs In Vitro 

5.3.2.1 miR-21 Impacts miRNAs in UMSCC22B Cells 

The regulation of the identified miRNAs by miR-21 was tested in the 

UMSCC22B cells via transfection of miR-21 at 30pmol and 10pmol per well for 

24 hours (Figure 5.4). A scramble miRNA was included at 30pmol per well, and 

was used to standardise miRNA expression in relation to RNU6B expression. 

miR-21 expression in the transfected UMSCC22B cells was statistically 

significant for both concentrations. This shows that miR-21 was successfully 

overexpressed in the tested cells and was sufficient to induce changes in 

miRNA expression.  

In observing the tested miRNAs, there was a significant decrease in miR-375 

with both concentrations of miR-21, where it exhibited an increase in expression 

with the decrease in the transfected amount of miR-21. miR-31 showed a 

significant decrease at 30pmol of miR-21, but was significantly increased with 

10pmol of transfected miR-21. The last miRNA tested, miR-30c, decreased with 

the transfection of 30pmol and 10pmol of miR-21. 

These results reflect the changes in miRNA expression observed in the 

OpenArray and suggest that various concentrations of miR-21 are able to alter 

the expression of specific miRNA. 
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Figure 5.4 Fold expression of A) miR-21, B) miR-375, C) miR-31, and D) miR-

30c in UMSCC22Bs transfected with miR-21 at 30pmol and 10pmol. Data 

points displayed as mean ± standard deviation. Comparison to scramble control 

used the non-parametric two-tailed students t-test. P-value � 0.5 indicated by *, 

p-value � 0.01 indicated by **, and p-value �0.0001 indicated by ****. n=9.
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5.3.2.2 Impact of miR-21 on miRNAs is Cell Type Specific 

To determine whether the observations made in the UMSCC22B cells were 

ubiquitous across cell lines and tissue types, the miR-21 transfections were 

repeated in HEK293 and SCC4 cells. The expression of miR-21 and a selection 

of the miRNAs identified by the OpenArray were measured in these two cell 

lines. A scramble miRNA was included at 30pmol per well as a transfection 

control, and was used to standardise RT-qPCR results. 

Firstly, the transfection of miR-21 in HEK293 cells showed a greater than 1000-

fold increase in miR-21 (Figure 5.5A). Both miR-375 and miR-31 (Figure 5.5B 

and D) were decreased in expression with the transfection of 30pmol and 

10pmol of miR-21, though only the change with 10pmol of the miR-21 mimic 

was statistically significant. miR-30c also showed a general decrease in 

expression with miR-21 transfection, however this was not statistically 

significant (Figure 5.5C). 

When repeated in SCC4 cells, miR-21 was successfully transfected at both 

30pmol and 10pmol (Figure 5.6A). In response to miR-21 transfection there was 

a statistically significant decrease in miR-30c expression (Figure 5.6B) but no 

change in miR-31 levels (Figure 5.6C). This is consistent with the changes in 

miRNA expression observed in the UMSCC22Bs and the OpenArray. 

The similarities between the miRNA expression changes in the HNSCC cell 

lines UMSCC22B and SCC4 cells, and the differences compared with the 

HEK293 results is suggestive of cell or tissue-type specific modifications to 

these potential miRNA:miRNA interactions.  
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Figure 5.5 Fold expression of A) miR-21, B) miR-375, C) miR-30c and D) miR-

31 in HEK293 cells transfected with 30pmol and 10pmol of miR-21 for 24 hours. 

Fold change was calculated compared to the 30pmol scramble control using the 

N0 value. Statistical analysis performed using the non-parametric two-tailed 

students t-test. P-value � 0.01 indicated by **. n=3

0

1

2

1000

2000

3000

4000

Fo
ld

 c
ha

ng
e 

in
 m

iR
-2

1
re

la
tiv

e 
to

 s
cr

am
bl

e

scramble

miR-21

+

- +

-

+

-

30pmol 10pmol

0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

in
 m

iR
-3

0c
re

la
tiv

e 
to

 s
cr

am
bl

e

scramble

miR-21

+

- +

-

+

-

30pmol 10pmol

0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

in
 m

iR
-3

75
re

la
tiv

e 
to

 s
cr

am
bl

e

**

scramble

miR-21

+

- +

-

+

-

30pmol 10pmol

0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

in
 m

iR
-3

1
re

la
tiv

e 
to

 s
cr

am
bl

e
**

scramble

miR-21

+

- +

-

+

-

30pmol 10pmol

A B

C D



191

Figure 5.6 The fold-expression of A) miR-2, B) miR-30c and C) miR-31 in 

SCC4 cells transfected with three concentrations of miR-21 for 24 hours. Fold 

change was compared to the scramble control using the N0 value. Statistical 

analysis performed using the non-parametric two-tailed students t-test. P-value 

� 0.5 indicated by * and p-value �0.001 indicated by ***. n=3 
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5.3.3 Dysregulated miRNAs had the Opposite Response to the miR-21 

Anti-Sense Oligonucleotide (ASO) 

The results so far have suggested that the overexpression of miR-21 decreased 

the expression of miR-375 and miR-30c, consistent with the OpenArray. A 

series of miR-21 antisense oligonucleotide experiments were conducted to 

further support the notion that these miRNAs are involved in a miRNA:miRNA 

interaction with miR-21. It is predicted that if a relationship is present, the 

absence of miR-21 will result in an increase in these select miRNA. 

5.3.3.1 Optimisation of the miR-21 ASO 

To firstly optimise the transfection the extent of miR-21 knockdown was 

compared in relation to the timing of RNA isolation post-transfection. For this,  

30pmol miR-21 mimic, 30pmol miR-21 ASO, and a scramble control were 

transfected into UMSCC22B cells, and RNA was collected both 24 hours and 

48 hours post-transfection. When comparing these two time periods, there was 

a statistically significant decrease in miR-21 expression 48 hours post-

transfection with the ASO compared to 24 hours post-transfection (Figure 5.7A). 

This indicated that 48 hours of miR-21 ASO exposure was required to 

effectively knockdown miR-21.  

Once it was established that RNA should be isolated after 48 hours, the amount 

of ASO required was optimised for the sufficient knockdown miR-21. For this 

comparison, 30pmol and 10pmol of miR-21 ASO were introduced to 

UMSCC22B cells and RNA was isolated after 48 hours. It was found that 

10pmol of the miR-21 ASO depleted miR-21 levels by 60% compared to the 

scramble control, but there was no difference in miR-21 expression when the 

miR-21 ASO was transfected at 30pmol (Figure 5.7B). This indicates that 

10pmol is the optimum concentration of miR-21 ASO to impact miR-21 levels in 

UMSCC22B cells. 

Thus, optimisation of the miR-21 ASO indicated it best downregulated miR-21 

when delivered at 10pmol and incubated for 48 hours post-transfection. These 
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experimental parameters were used for the remaining transfections in this 

chapter and in Chapter 6.   
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Figure 5.7 Optimisation of the transfection time and amount of miR-21 ASO in 

UMSCC22B cells. A) Comparison of the expression of miR-21 in UMSCC22B 

cells in relation to the timing of RNA collection after transfection with the miR-21 

mimic or miR-21 ASO. Black indicates measurements after 24 hours, and light 

grey represents the results after 48 hours. B) Optimisation of the amount of 

miR-21 ASO required to reduce miR-21 over a 48 hour period. Fold change was 

compared to the scramble control, in relation to RNU6B expression. Statistical 

analysis performed using the non-parametric two-tailed students t-test. P-value 

≤ 0.5 indicated by *, p-value ≤ 0.01 indicated by **, p-value ≤0.001 indicated by 

***, and p-value ≤0.0001 indicated by ****. n=6.  
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5.3.3.2 miR-21 Antisense Reverses Dysregulation by miR-21 

As previously established, the miR-21 ASO was optimised for delivery at 

10pmol with an incubation time of 48 hours. These parameters were applied to 

transfections in UMSCC22B and HeLa cell lines to determine the response of 

miR-375, miR-31 and miR-30c to low levels of miR-21. It is expected that since 

these miRNAs decrease with miR-21 overexpression, they would display an 

increase in expression in response to the miR-21 ASO. 

Within the UMSCC22B cells, miR-21 was overexpressed when transfected at 

10pmol (Figure 5.8A). The introduction of 10pmol miR-21 ASO resulted in a 

significant decrease in miR-21 expression compared to the scramble control. 

This demonstrates that both the miR-21 mimic and ASO were successfully 

introduced into the UMSCC22B cells. 

Both miR-375 and miR-30c displayed a significant decrease in expression with 

the transfection of the miR-21 mimic (Figure 5.8B and Figure 5.8D). This affect 

was reversed when the miR-21 ASO was added, as the levels of both of these 

miRNAs were similar to that of the scramble control. There was no significant 

expression change in miR-31 with the addition of the miR-21 mimic or the miR-

21 ASO (Figure 5.8C).  

Repetition of this experiment in HeLa cells found that again, miR-21 was 

sufficiently overexpressed with introduction of the mimic, and knocked down 

with transfection of the miR-21 ASO (Figure 5.9A). Unlike the UMSCC22B cells, 

neither miR-31 or miR-30c exhibited a statistically significant change in 

expression with the two transfection conditions (Figure 5.9B and C). This is 

likely due to the large degree of variation across the three biological replicates. 

miR-375 was not detectable in the HeLa samples and hence not included in 

these results. 

These results indicate that miR-21 may downregulate the expression of miR-

375 and miR-30c, but that this effect is cell specific. 
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Figure 5.8 Expression of A) miR-21, B) miR-375, C) miR-31, and D) miR-30c in 

UMSCC22B cells after 48 hours transfection with 10pmol miR-21 and 10pmol 

miR-21 ASO, in relation to 10pmol of the scramble control. Fold change was 

calculated using the N0 value ratio to the scramble. Statistical analysis 

performed using the non-parametric two-tailed students t-test. P-value � 0.5 

indicated by *, p-value �0.001 indicated by ***, and p-value �0.0001 indicated 

by ****. n=9.
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Figure 5.9 Expression of A) miR-21, B) miR-31, and C) miR-30c in HeLa cells 

in response to transfection with 10pmol miR-21 mimic and 10pmol miR-21 ASO 

over 48 hours. Fold change was calculated using the ratio of the N0 value to the 

scramble. Statistical analysis performed using the non-parametric two-tailed 

students t-test. P-value � 0.5 indicated by *, p-value �0.001 indicated by ***, 

and p-value �0.0001 indicated by ****. n=9.
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5.3.4 miRNA Sequencing Indicates miR-21 Influences Many miRNAs  

The OpenArray performed in Chapter 3 provided insight into the miRNAs 

altered by miR-21 overexpression. However, only a limited number of 

conserved miRNAs are able to be assessed through this method due to the 

restricted design of the array346,347. miRNA sequencing enables the detection of 

poorly expressed or novel miRNA348, thus it was used to determine the effect of 

miR-21 overexpression and knockdown on the whole miRNAome in HNSCC. 

Two replicates of the UMSCC22B cells transfected for 48 hours with 10pmol 

miR-21, 10pmol miR-21 ASO, and 10pmol scramble control were chosen for 

miRNA sequencing. Small RNA sequencing was performed at the Ramaciotti 

Centre for Genomics, where samples underwent quality control, library 

preparation and sequencing procedures. The received fastq files were analysed 

using the methods outlined in section 5.2.1.  

Once the reads were combined into one table in R Studio, Principal Component 

Analysis (PCA) was applied to visualise the variation in gene expression across 

the six samples (Figure 5.10). In this graph, one data point represents one 

biological sample. The three sample conditions clustered separately and 

showed a high degree of variance along the x-axis (59%). Therefore the 

differences between these conditions are likely caused by their distinct miRNA 

expression levels. 

Read normalisation was performed using DESeq2 and visualised as a heatmap 

(Figure 5.11). The spectrum of miRNA expression is discrete for each of the six 

samples. 
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Figure 5.10 Principal Component Analysis (PCA) plot for the variance between 

the three conditions. The x- and y- axis indicate the degree of variance for the 

two PCAs. The miR-21 mimic samples are shown in green, the miR-21 

Antisense in red, and the scramble control in blue. n=2. 
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Figure 5.11 Heatmap of the normalised counts for each miRNA across the 

three transfection conditions. The standardised reads were z-normalised, and 

indicated on a colour scale from blue (z-value < 0) to red (z-value > 0). The 

transfection condition is indicated by the colour at the top of the heatmap, 

where the miR-21 mimic is denoted by orange, the miR-21 antisense by blue, 

and the scramble control by grey. The left of the heatmap shows the 

hierarchical clustering of all the miRNAs.  
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5.3.4.1 Fold Expression of miRNAs in Response to miR-21 

The next stage was to determine the identity of the miRNAs that were 

differentially expressed by miR-21 and the extent to which they were 

dysregulated. This was achieved by performing fold change analysis comparing 

the different transfection conditions. Fold change values were filtered to only 

include significant miRNAs with a log2(FoldChange) greater than or less than 0. 

Volcano plots were used to visually summarise the fold change and statistical 

significance of the upregulated and downregulated miRNAs from each sample 

comparison. From the analysis of the miR-21 mimic versus the scramble 

control, miR-21 is shown to be towards the top right hand side of the graph, 

indicating that it is highly overexpressed and statistically significant. The same 

is also seen in the comparison between the miR-21 mimic and the miR-21 

antisense. More miRNAs were shown to be downregulated than upregulated 

with miR-21 transfection, as displayed through the greater presence of red data 

points. This indicates that miR-21 influences the expression of a range of 

miRNAs and the majority of miRNAs are downregulated (Figure 5.12).  

This trend is also observed in the series of multidimensional scaling (MDS) plots 

comparing the mean of the normalised counts to log2(FoldChange). Consistent 

with the volcano plots, a small number of miRNAs were impacted by the miR-21 

antisense, and the majority of miRNAs decreased in expression when 

comparing miR-21 transfection to the scramble or to the miR-21 antisense 

samples (Figure 5.13). 
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Figure 5.12 Volcano plots for the comparison between the A) miR-21 mimic 

and scramble, B) miR-21 antisense and scramble, and C) miR-21 mimic and 

miR-21 antisense. Non-significant miRNAs are in grey, those with a log2(Fold 

Change) > 1 or < -1 are shown in green, miRNAs with a significant p-value are 

in blue, and miRNAs that have both a significant p-value and a log2(Fold 

Change) > 1 or < -1 are shown in red. Statistical significance was calculated 

using the DESeq2 algorithm. 
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Figure 5.13 MDS plot comparing the log fold change against the mean of the 
normalised counts for A) miR-21 mimic and scramble, B) miR-21 antisense and 

scramble, and C) miR-21 mimic and miR-21 antisense. miRNAs with a 

significant fold change are shown in blue, while non-significant miRNAs are in 

grey. Statistical significance was calculated using the DESeq2 algorithm.  

A 

B 

C 



 

 204 

Fold change analysis across the different conditions indicated that more 

miRNAs were dysregulated with the addition of the miR-21 mimic than with the 

miR-21 antisense. Comparison of the miRNA levels between the miR-21 mimic 

and the scramble control identified 38 upregulated miRNA (1.8%) and 77 

downregulated miRNA (3.7%). Of the remaining 2044 miRNAs, 1076 (48%) 

were indicated to have low counts. The normalised count values for the 

differentially expressed miRNAs were visualised as a heatmap, delineating 

those that are upregulated and downregulated by miR-21 (Figure 5.14). 

The same analysis was applied to compare the miRNA expression between the 

miR-21 antisense and the scramble control. Of the 2220 miRNA analysed, 4 

were upregulated (0.19%), 3 were downregulated (0.14%), and 1119 were 

indicated to have low counts (50%). A heatmap of the normalised expression 

values for the differentially expressed miRNAs is shown in Figure 5.15. 

A third analysis was conducted to determine the change in miRNA expression 

between the samples transfected with the miR-21 mimic compared to the miR-

21 antisense. This was conducted to indicate the miRNAs that are directly 

influenced by changes in miR-21 expression. Fold change analysis indicated 

that 52 miRNA were upregulated (2.3%), 116 miRNA were downregulated 

(5.2%), and 1205 miRNA (54%) were not included due to low counts. 

Compared to the miRNAs that were differentially expressed between the miR-

21 mimic and the scramble control there were 71 miRNAs consistent across 

both analyses, whereas 59 were unique. A summary of this analysis is shown 

as a heatmap in Figure 5.16.  
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Figure 5.14 Heatmap of the normalised read counts for the differentially 

expressed miRNAs between the miR-21 mimic (n=2) and the scramble control 

(n=2). The standardised counts were z-normalised, and indicated on a colour 

scale from blue (z-value < 0) to red (z-value > 0). The sample is indicated by the 

colour at the top of the heatmap, where the miR-21 mimic is denoted by orange, 

and the scramble control by grey. The left and top of the heatmap show the 

hierarchical clustering of the differentially expressed miRNAs and samples 

respectively. 
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Figure 5.15 Heatmap of the normalised read counts for the differentially 

expressed miRNAs between the miR-21 antisense (n=2) and the scramble 

control (n=2). The standardised reads were z-normalised, and indicated on a 

colour scale from blue (z-value < 0) to red (z-value > 0). The sample is indicated 

by the colour at the top of the heatmap, where the miR-21 antisense is denoted 

by blue, and the scramble control by grey. The left and top of the heatmap show 

the hierarchical clustering of the differentially expressed miRNAs and samples 

respectively. 
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Figure 5.16Heatmap of the normalised read counts for the differentially 

expressed miRNAs between the miR-21 mimic (n=2) and the miR-21 antisense 

(n=2). The standardised reads were z-normalised, and indicated on a colour 

scale from blue (z-value < 0) to red (z-value > 0). The sample is indicated by the 

colour at the top of the heatmap, where the miR-21 mimic is denoted by orange, 

and the miR-21 antisense by blue. The left and top of the heatmap show the 

hierarchical clustering of the differentially expressed miRNAs and samples 

respectively. 
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5.3.4.2 Differentially Expressed miRNAs Impact Gene Ontology (GO) 

GO analysis was applied to the three differential expression analyses to 

determine whether a change in miRNA expression, as a result of miR-21 

manipulation, alters the molecular components and cellular functioning. The GO 

terms were determined using miRNet 2.0349 and are listed for each differential 

expression analysis in Tables 5.1 to 5.3. 

All three analyses showed a strong enrichment of GO terms. The enrichment of 

terms across all three GO classifications indicates that alterations to miR-21 

expression have a broad effect on cell functioning. 
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Table 5.1Enriched GO terms per category for the differentially expressed 

miRNAs when comparing the mimic versus scramble transfected cells. 

ID Term P-value 
Cellular Component 
GO:0016604 nuclear body 8.52e-14 

NA nucleoplasm part 3.5e-13 

GO:0005730 nucleolus 7.14e-13 

GO:0005829 cytosol 2.42e-11 

GO:0016607 nuclear speck 6.82e-11 

GO:0048471 perinuclear region of cytoplasm 2.89e-10 

GO:0005813 centrosome 2.2e-08 

GO:0000922 spindle pole 1.25e-07 

GO:0005815 microtubule organizing center 3.32e-07 

GO:0016605 PML body 1.57e-06 
Molecular Function 
GO:0000166 nucleotide binding 1.68e-15 

GO:0005524 ATP binding 2.64e-14 

GO:0017076 purine nucleotide binding 7.46e-13 

GO:0030554 adenyl nucleotide binding 8.46e-13 

GO:0032559 adenyl ribonucleotide binding 1.28e-12 

GO:0032555 purine ribonucleotide binding 1.33e-12 

GO:0008270 zinc ion binding 2.65e-11 

GO:0019901 protein kinase binding 1.15e-10 

GO:0019900 kinase binding 1.48e-10 

GO:0019899 enzyme binding 6.04e-09 
Biological Process 
NA interaction with host 1.15e-11 

NA viral reproductive process 2.51e-08 

GO:0000082 G1/S transition of mitotic cell cycle 2.64e-08 

NA interphase of mitotic cell cycle 1.68e-07 

GO:0051325 interphase 2.53e-07 

GO:0006612 protein targeting to membrane 4.81e-07 

NA viral infectious cycle 6.98e-07 

GO:0051320 S phase 1.18e-06 

NA S phase of mitotic cell cycle 1.7e-06 

GO:0000086 G2/M transition of mitotic cell cycle 2.01e-06 
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Table 5.2Enriched GO terms per category for the differentially expressed 

miRNAs when comparing the antisense versus scramble transfected cells. 

ID Term P-value 
Cellular Component 
GO:0005829 cytosol 9.02e-25 

GO:0005730 nucleolus 3.26e-22 

GO:0005654 nucleoplasm 7.06e-21 

NA nucleoplasm part 2.52e-18 

GO:0031974 membrane-enclosed lumen 1.97e-16 

GO:0043233 organelle lumen 4.09e-15 

GO:1990904 ribonucleoprotein complex 2.21e-14 

GO:0005819 spindle 2.99e-14 

GO:0031981 nuclear lumen 7.44e-14 

GO:0016604 nuclear body 3.38e-13 
Molecular Function 
GO:0000166 RNA binding 1.75e-17 

GO:0019899 nucleotide binding 5.67e-14 

GO:0019900 enzyme binding 5.65e-12 

NA kinase binding 3.58e-10 

GO:0017076 transcription cofactor activity 2.66e-09 

GO:0019901 purine nucleotide binding 5.28e-09 

GO:0032555 protein kinase binding 9.41e-09 

GO:0047485 purine ribonucleotide binding 9.86e-09 

GO:0003924 protein N-terminus binding 1.81e-08 

GO:0000166 GTPase activity 2.3e-08 
Biological Process 
GO:0051301 cell division 2.56e-15 

GO:0006886 intracellular protein transport 1.35e-13 

GO:0015031 protein transport 6.04e-12 

GO:0045184 establishment of protein localization 2.04e-11 

NA interphase of mitotic cell cycle 1.31e-10 

GO:0051325 interphase 2.96e-10 

NA mitosis 4.42e-10 

NA viral reproductive process 7.4e-10 

GO:0048193 Golgi vesicle transport 2.32e-09 

NA interaction with host 1.01e-08 
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Table 5.3Enriched GO terms per category for the differentially expressed 

miRNAs when comparing the mimic versus antisense transfected cells. 

ID Term P-value 
Cellular Component 
GO:0016604 nuclear body 8.52e-14 

NA nucleoplasm part 3.5e-13 

GO:0005730 nucleolus 7.14e-13 

GO:0005829 cytosol 2.42e-11 

GO:0016607 nuclear speck 6.82e-11 

GO:0048471 perinuclear region of cytoplasm 2.89e-10 

GO:0005813 centrosome 2.2e-08 

GO:0000922 spindle pole 1.25e-07 

GO:0005815 microtubule organizing center 3.32e-07 

GO:0016605 PML body 1.57e-06 
Molecular Function 
GO:0000166 nucleotide binding 1.68e-15 

GO:0005524 ATP binding 2.64e-14 

GO:0017076 purine nucleotide binding 7.46e-13 

GO:0030554 adenyl nucleotide binding 8.46e-13 

GO:0032559 adenyl ribonucleotide binding 1.28e-12 

GO:0032555 purine ribonucleotide binding 1.33e-12 

GO:0008270 zinc ion binding 2.65e-11 

GO:0019901 protein kinase binding 1.15e-10 

GO:0019900 kinase binding 1.48e-10 

GO:0019899 enzyme binding 6.04e-09 
Biological Process 
NA interaction with host 1.44e-08 

GO:0000086 G2/M transition of mitotic cell cycle 9.19e-06 

NA S phase of mitotic cell cycle 2.05e-05 

GO:0051320 S phase 2.31e-05 

NA response to toxin 3.43e-05 

GO:0000082 G1/S transition of mitotic cell cycle 6.19e-05 

GO:0043523 regulation of neuron apoptotic process 0.000111 

GO:0006612 protein targeting to membrane 0.000128 

NA viral reproductive process 0.000197 

GO:0043687 post-translational protein modification 0.000247 
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5.4 Discussion 

miRNA have been known to have a key role in the pathogenesis of several 

cancers, including HNSCC, due their function as post-transcriptional gene 

regulators64,130. The oncogenic miRNA, miR-21, is the most frequently 

upregulated miRNA in solid malignancies172. miR-21 is involved in several 

miRNA:miRNA interactions in hepatocellular and colorectal cancer206,220. 

However, its impact on miRNA within HNSCC has yet to be explored. This 

chapter continued the exploration into the miRNA influenced by miR-21 by 

testing a selection of dysregulated miRNAs identified in Chapter 3. The miRNAs 

chosen for further validation were miR-31, miR-30c and miR-375. Additionally, 

NGS was performed to further characterise the changes in all miRNAs in 

relation to the overexpression and knockdown of miR-21 in vitro. 

5.4.1 The Impact of miR-21 on miRNAs 

Across the panel of HNSCC cell lines, miR-375 was ubiquitously expressed at 

low levels. A further decrease in miR-375 was also observed with the addition of 

miR-21 mimic at several concentrations into the UMSCC22B cells, confirming 

the results observed in Chapter 3. This decrease is consistent with current 

literature, as miR-375 is frequently described as downregulated in 

HNSCC147,285,287. Low expression of miR-375 has been associated with poor 

survival184,287,  and increased differentiation164, metastasis, recurrence285, and 

chemotherapy resistance351. The ratio of miR-21 to miR-375 has previously 

been characterised as a predictor for laryngeal cancer, with a sensitivity and 

specificity of 94%352. Additionally, the ratio of miR-221 to miR-375 has also 

been used to determine HNSCC pathology, with a sensitivity of 92% and 

specificity of 93%60. Therefore these observations are congruent with current 

literature, and the uncovered miRNA:miRNA relationship may lay the 

groundwork for the development of diagnostic or prognostic procedures. 

In Chapter 3, miR-31 was identified as upregulated with miR-21 overexpression. 

Increased levels of this miRNA have been associated with clinical stage, nodal 

metastasis, tumour differentiation353 and poor survival354, therefore it was 
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important to further characterise its relationship with miR-21 in vitro. In the 

UMSCC22B cell line, there was an observed decrease in miR-31 expression 

with 30pmol of the miR-21 mimic, but an increase it its expression with 10pmol 

of the miR-21 mimic. In the same cell line, no significant change in miR-31 

expression was observed with the knockdown of miR-21. This disparity between 

the response of miR-31 to different concentrations of the mimic may be the 

result of Ago2 saturation with miR-21, which can be especially apparent at 

higher concentrations of transfection244,332. It may also be that the effect of miR-

21 on miR-31 is only present in non-cancerous cells. This is because there was 

an observed decrease in miR-31 with miR-21 transfection in the HEK293 cells 

but not in the UMSCC22B, SCC4, or HeLa cell lines. Several targets are in 

common between miR-21 and miR-31, including: the cancer related genes 

Forkhead Box O3 (FOXO3)355,356, SP1356,357, E2F transcription factor 2 

(E2F2)358,359, and Sprouty RTK Signalling Antagonist 4 (SPRY4)360,361; and the 

miRNA biogenesis components Ago2356,362, Dicer363,364 and Trinucleotide 

Repeat Containing Adapter 6B (TNRC6B)364,365. These two miRNAs also have 

a number of common transcription factors, including ETS Proto-Oncogene 1 

Transcription Factor (ETS1)352,366,367 and SMAD Family Member 3 

(SMAD3)368,369. Given the variation in the response of miR-31 to miR-21, the 

presented results are inconclusive as to whether an interaction occurs between 

these two miRNAs. Further investigation into the relationship between miR-31 

and miR-21 should be conducted with a focus how they may act synergistically 

on their shared targets to drive cancer processes. 

Also tested was miR-30c, which was downregulated in response to miR-21 in 

the OpenArray. The results within this chapter suggest that miR-30c is indeed 

influenced by miR-21, as it decreased in expression with the introduction of the 

miR-21 mimic, and was restored with the addition of the miR-21 antisense. A 

decrease in miR-30c in response to miR-21 was observed in both the 

UMSCC22B and SCC4 cell lines, but not the HeLa or HEK293 cells, suggesting 

this interaction may be HNSCC specific. miR-30c is part of the miR-30c 

family370, and a reduction in its expression has been shown to have 

consequences on migration, proliferation and invasion in HNSCC via its targets 
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EFGR, MET Proto-Oncogene Receptor Tyrosine Kinase (MET), and Insulin Like 

Growth Factor 1 Receptor (IGF1R)371. It acts as a tumour suppressor across 

many cancers, including those of the Breast, Colon, Liver and Ovary372. One 

study in Breast Cancer identified that the transcription of miR-30c was induced 

through the binding of wild type p53 to its promoter373. With p53 mutation, miR-

30c was downregulated, which results in the upregulation of its targets, the DNA 

damage response genes FA Complementation Group F (FANCF) and REV1 

DNA Directed Polymerase (REV1), and subsequent chemoresistance to 

doxorubicin373. This same pathway may apply in HNSCC, as p53 mutations 

have been observed in up to 72% of HNSCC samples within the TCGA dataset, 

particularly in those that are HPV-negative374. Also in HNSCC, the genomic 

regions that encode for the miR-30 family are deleted in up to 20% of patients, 

resulting in further downregulation of miR-30c371. Thus, future studies in 

HNSCC should focus on the role of miR-21 and miR-30c in chemoresistance, 

and its feasibility as a therapeutic biomarker. 

A degree of variability was observed across the different cell lines used in this 

series of experiments, which was expected. The mRNA and miRNA expression 

profiles are unique for each cancer cell line288,375,376, and thus would react in a 

distinct manner in response to the introduction of a exogenous miRNA. Even 

within the same type of cells, a miRNA may or may not respond to a miRNA 

stimulus. For example, a recent study found that in activated murine 

macrophages, the expression of mature miR-21 decreased in response to anti-

miR-146, but did not change with the introduction of anti-miR-155377. In 

contrast, mature let-7 did not vary in expression with either anti-miRNA 

treatment377. Given this, it may be that miR-21 is one of a few miRNA that have 

a broad influence on miRNA expression, and further experimentation in HNSCC 

cells should aim to address this. 

In addition, the available miRNA binding sites across 3´UTRs is cell type 

specific due to alternative splicing and alternative polyadenylation378. Different 

gene isoforms generate variable 3´UTR lengths, introducing deviations in the 

presence of miRNA sites. It was observed that genes with a longer 3´UTR had 
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a greater number of miRNA sites, and therefore exhibited greater 

suppression378. This premise extends to miRNA:miRNA interactions, particularly 

those that are mediated via transcriptional regulators. The loss of a miRNA site 

in the 3´UTR of a transcriptional regulator, such as a transcription factor, would 

have secondary impacts on the activation or suppression of its target miRNAs. 

More work is needed to establish the impact of alternative splicing and its role in 

miRNA-mediated control of the 3´UTR landscape, and its implications on 

indirect miRNA:miRNA interactions. 

5.4.2 miRNA Sequencing Identified a Greater Number of Downregulated 

miRNAs with miR-21 

In this thesis, miRNA sequencing was used to determine the response of a 

broader range of miRNAs to miR-21. Of the 2220 miRNAs in miRbase version 

22, it was found that 38 were upregulated and 77 were downregulated with the 

addition of the miR-21 mimic. Studies that have used a similar method to 

identify miRNA:miRNA interactions have observed variation in the number and 

identity of upregulated or downregulated miRNAs depending on the initiating 

miRNA. For example, the overexpression of miR-378 in cardiac cells resulted in 

18 upregulated and 31 downregulated miRNAs, while, in the same cell type, the 

addition of miR-499 upregulated 11 miRNAs and downregulated 6 miRNAs, 

with only 3 miRNAs common between the two conditions13. Also, in ovarian 

cancer cells, 31 miRNAs were downregulated and 40 miRNAs were 

upregulated in response to miR-7 overexpression221. Since the number of 

upregulated and downregulated miRNA seems to be unique to the transfected 

miRNA, the observation that miR-21 downregulated a greater number of 

miRNAs is not unprecedented. This is also consistent with the OpenArray data 

presented in Chapter 3. 

Previously in Chapter 3, the miRNA OpenArray was used to identify potential 

miRNA:miRNA interactions initiated by miR-21. However, NGS analysis allows 

for the detection of all known miRNA, and accounts for sequence level 

differences and variations in length347,348,379. Hybridisation technology, such as 

that used in the OpenArray, has a lower sensitivity and specificity compared to 



 

 216 

RNA sequencing due to the limited set of miRNA probes contained within the 

array346,347 and the potential for cross-hybridisation of miRNAs within the same 

family347,380. NGS also has the capacity to identify novel miRNA and other small 

RNAs348, such as piwi RNAs (piRNA) and fragments of transfer RNA (tRNA)381. 

Thus NGS is advantageous over hybridisation technologies in discerning 

potential miRNA:miRNA interactions and may identify relationships between 

miRNA and other RNA forms, adding to the complexity of RNA regulation. 

5.4.3 Limitations and Future Avenues 

In the process of performing the in vitro experiments, there were significant 

difficulties in determining the parameters required for the miR-21 ASO to 

sufficiently decrease miR-21 levels. An alternative to the ASO for the 

knockdown of miR-21 may be a CRISPR-Cas9 knockdown system. A recent 

study in lung adenocarcinoma cells successfully deleted homozygous miR-21, 

resulting in decreased tumour growth and proliferation both in vitro and in 

vivo382. Another study achieved approximately 50% knockdown of miR-21 in 

nasopharyngeal cells using CRISPR-Cas9, and observed decreased in cell 

growth and migration, in addition to increased apoptosis and DNA 

degradation383. An advantage of using CRISPR-Cas9 technology is the ability to 

verify the deletion of the miRNA gene before proceeding with further 

experimentation, effectively ensuring that the miRNA gene is sufficiently 

knocked down. However, the potential for off-target effects and consequences 

on the cell need to be evaluated to ensure the knockdown does not severely 

affect cell functioning or cause cell lethality. 

Further exploration should be conducted into the miRNA:miRNA landscape of 

HNSCC to establish the main miRNA drivers of tumorigenesis. One avenue 

would be to determine the distribution of mature miRNA across both the 

cytoplasm and the nucleus. Canonically, miRNAs are known to target mRNA 

within the cytoplasm. However, up to 75% of miRNA are known to be present at 

similar levels in the nucleus139,384. The role of nuclear mature miRNA currently 

pertains to transcriptional gene silencing or activation, moderation of alternative 

splicing, and targeting mRNA before its export into the cytoplasm139. Several 
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RISC components have also been detected in the nucleus, including Ago1, 

Ago2, and TRNC6A, however their full function in the nucleus is not completely 

known385. This is coupled with evidence of miRNA:miRNA interactions occurring 

within the nucleus by way of a mature miRNA targeting a pri-miRNA 

strand11,12,206. Thus cellular fractionation followed by high depth miRNA and 

RNA sequencing for mRNA and lncRNA detection would provide a more 

comprehensive insight into the interplay between miRNAs, where it occurs in 

the cell, and the downstream effects on gene expression. Additional Northern 

and Western blotting may then be used to follow up any uncovered 

miRNA:miRNA relationships and their cellular impact. 

Another limitation to this work was the impact of the COVID-19 pandemic and 

associated lockdowns. Laboratory access was heavily restricted during this 

time, resulting in an experimental delay of five months. Additionally, boat freight 

prolonged the time for essential reagents to arrive after ordering. These 

complications meant that some experiments were not conducted in full 

biological triplicate.  

5.4.4 Conclusions 

This chapter focused on confirming the dysregulation of select miRNA in 

response to miR-21 transfection, as indicated by the OpenArray, and the use of 

miRNA sequencing to consider broader alterations in miRNA expression as a 

result of miR-21 overexpression. The downregulation of two miRNAs, miR-375 

and miR-30c, was confirmed in vitro in the presence of high miR-21 levels. 

These changes were exhibited in UMSCC22B and SCC4 cells but not HeLa 

cells, suggesting that the interaction between miR-21 and miR-375 or miR-30c 

is cell-type specific. The alteration of miR-375 and miR-30c expression, as 

observed in this chapter, is consistent with the current literature. The 

downregulation of these two miRNAs is known to result in HNSCC growth and 

metastasis, thus the interplay of miR-21 with miR-375 and miR-30c indicates 

the potential for miRNA:miRNA interactions to contribute to cancer progression.  
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6 Chapter 6 - The Association of miR-21 with the miR-

17~92a Cluster 

6.1 Introduction 

In Chapter 3 of this thesis, the results of the OpenArray found that miR-21 

dysregulated the expression of miR-20a-3p and miR-92a-3p in the HNSCC cell 

line, UMSCC22B. Further analysis of the dysregulated miRNAs identified miR-

92a to have the greatest influence of the downregulated miRNAs included in the 

miRNA:mRNA network. Both miR-20a-3p and miR-92a-3p are part of the larger 

miR-17~92a cluster, encoded for on the non-coding gene, MIR17HG386. Many 

studies have investigated this cluster in relation to its impact on cancer 

formation and progression. Thus, given its importance in cancer and 

aforementioned effect on the synthesised networks, this chapter explores the 

relationship between the miR-17~92a cluster and miR-21 in the context of 

HNSCC. 

The miR-17~92a cluster consists of six miRNA — miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b, and miR-92a — and is located within the third intron of 

C13orf25 on Chromosome 13386. The pri-miRNA sequence has a conserved 

secondary and tertiary structure387, where miR-18a, miR-19b and miR-92a are 

internalised, and miR-17, miR-19a, miR-20a are exposed388. Figure 6.1 shows 

the predicted thermodynamic secondary structure of the miR-17~92a cluster, 

indicating the arms of the six pre-miRNA. The primary transcript undergoes 

several stages of Microprocessor cleavage: initial splicing removes pre-miR-17 

and pre-miR-92a; intermediate forms are cleaved to remove pre-miR-19b and 

pre-miR-20a; and the separation of the final intermediate form to produce pre-

miR-18a and pre-miR-19a389. 
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Figure 6.1 Estimated structure of the miR-17~92a cluster using the RNA fold 

prediction algorithm. Nucleotides are colour-coded by the base-pairing 

probability, defined as the chance of the existence of a base pair across the 

whole structure. Image from Chakraborty et al. (2012)387. 

 

The miR-17~92a cluster is highly involved in early embryonic development, 

particularly of the liver390, heart, lungs, and immune cells, and its absence 

contributes to neonatal death391. It is also dysregulated in many cancers, 

particularly B cell lymphoma, and carcinoma of the lung391, ovary221, and 

colorectum392. Transcription of the cluster is increased by the activation of MYC, 

which is commonly upregulated in cancer393. Changes in the expression of 

these six miRNAs are associated with changes to the cell cycle386, cell 

proliferation394, migration292, anabolic metabolism393, and cisplatin resistance395. 

The miR-17~92a acts via the PI3K-Akt pathway396, and targets cancer-related 

genes such as E2F1 and PTEN215 to disrupt cell functioning and amplify 

oncogenic changes. 

There are conflicting studies pertaining to the role of the miR-17~92a cluster in 

HNSCC. Two recent papers on laryngeal and tongue SCC have identified high 

loops of pre-miR-17 and pre-miR-19b-1 show conserved
AU or GU repeats (Fig. 3B) that are also known to bind
nuclear proteins that mediate RNA degradation or alter-
native splicing (Vakalopoulou et al. 1991; Marquis et al.
2006). Thus, the high sequence conservation of terminal
loops in nearly all the pre-miRNA domains of this cluster is
significant in the context of potentially acting as cryptic
binding sites for different trans-acting protein factors that
could mediate differential processing.

SHAPE analysis shows pri-miR-17-92a is structured

Given that sequence analysis of pri-miR-17-92a predicted
its considerable potential to adopt tertiary structure, we
proceeded to biochemically investigate its structure at the
single nucleotide level using N-methyl isatoic anhydride
(NMIA) and analysis by capillary electrophoresis (SHAPE,
Selective 29-hydroxyl acylation analyzed by primer extension)

(Merino et al. 2005). The SHAPE technique has revolutionized
RNA structural biology, as the analysis by high-throughput
capillary electrophoresis precludes any associated band
compression, thus enabling the study of long lengths of
RNA. In a SHAPE reaction, the RNA is treated with the elec-
trophilic reagent NMIA that selectively reacts with those ribose
29-hydroxyl groups of nucleotides that are conformationally
flexible (McGinnis et al. 2009). SHAPE reactivity thus
reports on local nucleotide flexibility. Unconstrained nucle-
otides, i.e., nucleotides that are present in single-stranded
structures, are likely to be more reactive to form the corre-
sponding 29-O-adduct. All four RNA nucleotides show nearly
identical intrinsic reactivities when they are not constrained
by base-pairing or tertiary interactions (Wilkinson et al.
2009). We applied this method to the 0.8-kb pri-miR-17-
92a transcript and probed the structure of the 59-terminal
220 nt, which span pre-miR-17 and pre-miR-18a, in the
presence of Mg2+. We chose to focus on this region for the

FIGURE 2. (A) Conservation pattern of human pri-miR-17-92a. The conservation patterns are based on the UCSC phastCons scores. The
chromosomal regions of the miRNAs with an additional 20 nt flanking on both sides are presented. Sequence conservation of the region between
the different pre-miRs shown in red box. It is clear that individual pre-miRNAs are highly conserved along with few inter-pre-miRNA regions. (B)
The most stable thermodynamic structure of human pri-miR-17-92a is shown. This is predicted using the RNAfold algorithm and color-coded
according to base-pairing probability. Base-pairing probability indicates the probability of a base pair existing throughout the ensemble of
structures. This information is important because it gives an indication of structural remodeling or dynamics. Most of the pre-miRNAs are
invariant throughout the ensemble, whereas pre-miR-18a can adopt alternate forms. A region between the pre-miR-17 and 18a flanking region is
indicated by a box and shown to be conserved (see Supplemental Fig. S3A). The structure of this region found by covariation-based modeling is
shown (right panel).

Tertiary structure of pri-miRNA impacts processing

www.rnajournal.org 1017
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levels of miR-17-5p and have correlated this with increased proliferation and 

migration, advanced disease, and poor survival394,397. However, in another 

cohort, the miR-17~92a cluster was found to be downregulated in migratory 

OSCC, and was established as a biomarker for migration, advanced stage and 

outcome292. This disparity between the expression and role of the miR-17~92a 

cluster is observed across cancers, and it is accepted that the expression of 

these miRNAs in cancer is variable among organs and stages of 

development396. 

In relation to miRNA:miRNA interactions, a precedence exists for miRNA 

binding sites within the miR-17~92a host gene, MIR17HG, which have 

downstream consequences on cancer development. In osteosarcoma and 

colorectal cancer, MIR17HG has been shown to act as a miRNA sponge. A site 

for miR-375 was found within MIR17HG, which had downstream implications on 

the cancer genes RELA Proto-Oncogene (RELA), MALT1 Paracaspase 

(MALT1), Nuclear Factor Kappa B Subunit 1 Epsilon (NFKB1E), and Mitogen-

Activated Protein Kinase Kinase Kinase 7 (MAP3K7), resulting in increased 

colorectal cancer aggression and a subsequent decrease in overall survival392. 

Another sponge site was identified in MIR17HG for miR-130, where a loss of 

miR-130 in cancer cells resulted in elevated MIR17HG levels, which increased 

cell proliferation and decreased patient survival395. These two examples set a 

precedent for the miR-17~92a cluster to be regulated by other miRNA through 

sponging. However, no evidence to date has suggested that the miR-17~92a 

cluster is potentially regulated by miR-21. 

6.1.1 Chapter Aims 

This chapter aims to determine the impact of miR-21 on the miRNAs of the miR-

17~92a cluster, and explore possible mechanisms that may be responsible for 

this regulatory relationship. 
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6.2 Methods 

The methods for cell transfection, RNA isolation, cDNA production and RT-

qPCR analysis were conducted according to the in vitro methods outlined in 

Chapter 2 Section 2.2. Bioinformatics methods including the analysis of the 

TCGA dataset, network visualisation, survival analysis, and Cox Proportional 

Hazard Ratio were conducted in line with the methods described in Chapter 2 

Section 2.3. 

6.2.1 miRNA Binding Site Prediction 

The mature miR-21-5p sequence was acquired from miRbase version 22 

(Accession Number MIMAT0000076) in fasta format. The sequence of 

MIR17HG was downloaded in fasta format through the NCBI Nucleotide 

database (Reference Sequence: NR_027350.1). 

The prediction of miR-21 binding sites within MIR17HG was conducted using 

the command line tools miRanda (Version 3.3a)238,398,399 and RNAhybrid 

Version 2.1.2)400. 
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6.3 Results 

6.3.1 The Expression of the miR-17~92a Cluster Varies Across Cell Lines 

The expression levels of members of the miR-17~92a cluster were measured 

across a series of cell lines to observe their differences with varied tissue origin 

(Figure 6.2).  

From the results, all of the tested miRNAs showed differences in expression in 

relation to tissue origin. Since the miRNAs are part of the same cluster, it was 

expected that their expression would follow a similar pattern across the cell 

lines. However, these results show that this is not the case. In the PNT2 cells 

for example, miR-17, miR-20a, and miR-92a are highly expressed, while miR-

18a and miR-19a are at diminished levels. SCC154 cells exhibited lower levels 

across all of the tested miRNA. It was also observed that the fold change levels 

for miR-18a were much lower than that of the other miR-17~92a members.  

These results suggest that the miRNAs included in the miR-17~92a cluster are 

expressed at different levels relative to each other, and across different cell 

lines. 
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Figure 6.2 Fold expression of the miR-17~92a miRNAs A) miR-17, B) miR-18a, 

C) miR-19a, D) miR-20a, and E) miR-92a across several cell lines, relative to 

RNU6B. The Cq values used the fold change calculations of miR-17 and miR-

20a are shown in F), those for miR-18a and miR-19a are shown in G), and that 

for miR-92a are in H). Data points represented as mean ± standard deviation. 
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6.3.2 miR-21 Transfection Downregulates the miR-17~92a Cluster 

miRNAs  

To determine if miR-21 impacts the levels of the miRNAs within the miR-17~92a 

cluster, the expression of these miRNAs was measured in the previously 

transfected UMSCC22B, SCC4, and HEK293 cell lines.  

Within UMSCC22B cells there was an observed decrease in all miRNA in 

response to 30pmol and 10pmol of the miR-21 mimic (Figure 6.3). Looking at 

the miRNAs individually, miR-17 showed the greatest significant decrease in 

expression with 30pmol of miR-21 mimic at approximately 0.25-fold of the 

scramble control (Figure 6.3A). There was a decrease in miR-18a expression 

across all concentrations of miR-21, but only that associated with 30pmol of the 

miR-21 mimic was statistically significant, at approximately 0.4-fold of the 

scramble control (Figure 6.3B). miR-19a and miR-20a both exhibited a 

statistically significant decrease in expression with the addition of 30pmol and 

10pmol of miR-21 (Figure 6.3C and Figure 6.3D). Similarly, there was a 

decrease in miR-92a levels in response to miR-21 transfection, but this was 

only significant with 30pmol of transfected miR-21. 

Another HNSCC cell line, SCC4, was used to determine if the trends observed 

in the miR-17~92a cluster in response to miR-21 was congruent across cell 

lines of similar biological origin (Figure 6.4). Similar to the UMSCC22Bs, there 

was a significant decrease in miR-18a and miR-20a in response to 30pmol and 

10pmol of miR-21 (Figure 6.4B and 6.4D). The remaining miRNAs within the 

cluster did not exhibit any significant difference in expression in relation to miR-

21 transfection. 

HEK293 cells were transfected under the same conditions in order to determine 

the changes in the miR-17~92a cluster in response to miR-21 in a non-

cancerous cell line (Figure 6.5). The only significant change observed was a 

decrease in miR-19a in relation to 10pmol of miR-21 (Figure 6.5C). The 

remaining miRNAs at all concentrations did not exhibit any statistically 

significant difference in expression with miR-21 transfection. 
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The decrease in members of the miR-17~92a cluster was only observed to 

occur in cell lines of HNSCC origin, therefore it is suggested that the proposed 

interplay between miR-21 and this cluster is aligned with tumour location. 
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Figure 6.3 The expression of A) miR-17, B) miR-18a, C) miR-19a, D) miR-20a, 

and E) miR-92a in UMSCC22B cell transfected with miR-21 mimic for 24 hours. 

Fold change was compared to the scramble control in relation to RNU6B 

expression. P-value calculated using a non-parametric two-tailed students t-

test. P-value � 0.5 indicated by *, p-value � 0.01 indicated by **, p-value �0.001 

indicated by ***, and p-value �0.0001 indicated by ****. Data points represented 

as mean ± standard deviation. n=9.
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Figure 6.4 The expression of A) miR-17, B) miR-18a, C) miR-19a, D) miR-20a, 

and E) miR-92a in SCC4 cells transfected with 30pmol and 10pmol of miR-21 

for 24 hours. Fold change was calculated using the ratio of N0 to the scramble 

control. P-value calculated using a non-parametric two-tailed students t-test. P-

value �0.001 indicated by ***, and p-value �0.0001 indicated by ****. Data 

points represented as mean ± standard deviation. n=3.
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Figure 6.5 The expression of A) miR-17, B) miR-18a, C) miR-19a, D) miR-20a, 

and E) miR-92a in HEK293 cells transfected with 30pmol and 10pmol of miR-21 

for 24 hours. Fold change was calculated using the ratio of N0 to the scramble 

control. P-value calculated using a non-parametric two-tailed students t-test. P-

value � 0.5 indicated by *. Data points represented as mean ± standard 

deviation. n=3.
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6.3.3 Inhibition of miR-21 Restores the Expression of the miR-17~92a 

miRNAs  

The expression of several miR-17~92a members was measured in UMSCC22B 

and HeLa cells transfected with 10pmol miR-21 mimic, 10pmol miR-21 ASO 

and 10pmol scramble control for 48 hours. It is hypothesised that if miR-21 is 

controlling these miRNAs or their cluster, there would be an observed decrease 

in their expression with miR-21 overexpression, which would be restored when 

miR-21 is knocked down using the ASO. 

In the UMSCC22B’s, miR-17, miR-19a and miR-92a showed a marked 

decrease in expression when cells were transfected with miR-21, which was 

ameliorated by the addition of the miR-21 antisense (Figure 6.6A, C, and E). 

miR-20a, however, did not change in expression with miR-21 transfection, nor 

the ASO (Figure 6.6D). miR-92a significantly increased in response to the miR-

21 antisense but did not change with the miR-21 mimic (Figure 6.6E). 

Transfection with the miR-21 mimic or miR-21 antisense for 48 hours and 

measurement of these miRNAs was repeated in HeLa cells. None of the tested 

miRNAs exhibited a significant change in expression with the overexpression or 

knockdown of miR-21 (Figure 6.7).  

Given a significant downregulation in the cluster miRNAs was observed in 

UMSCC22B cells but not HeLa’s, it is suggested that the relationship between 

the miR-17~92a cluster and miR-21 may be specific to HNSCC cells. 
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Figure 6.6 Expression of A) miR-17, B) miR-18a, C) miR-19a, D) miR-20a, and 

E) miR-92a in UMSCC22B cells transfected with miR-21 mimic and miR-21 

ASO for 48 hours. Fold change was compared to the scramble control in 

relation to RNU6B expression. P-value calculated using a non-parametric two-

tailed students t-test. P-value � 0.01 indicated by **, and p-value �0.001 

indicated by ***. Data points represented as mean ± standard deviation. n=9
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Figure 6.7 Expression of A) miR-17, B) miR-18a, C) miR-19a, D) miR-20a, and 

E) miR-92a in HeLa cells transfected with miR-21 mimic and miR-21 ASO over 

a 48 hour period. Fold change was compared to the scramble control in relation 

to RNU6B expression. P-value calculated using a non-parametric two-tailed 

students t-test. P-value � 0.5 indicated by *, and p-value � 0.01 indicated by **. 

Data points represented as mean ± standard deviation. n=9
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6.3.4 miRNA Sequencing Shows Changes in miR-17~92a miRNAs with 

miR-21 

To further explore the response of the miR-17~92a cluster to miR-21, the raw 

sequencing data from Chapter 5 was used to determine if the miRNAs were 

altered with the miR-21 mimic, miR-21 antisense, and scramble control.  

If miR-21 does regulate the miR-17~92a cluster, it is expected that the 

expression of each of the miRNAs would decrease with the miR-21 mimic and 

increase with the miR-21 antisense. For all miRNAs, high expression levels 

were seen in the miR-21 antisense samples, and low levels with the miR-21 

mimic (Figure 6.8). This trend is present for all six miRNA, and is most 

pronounced for miR-20a-5p. Therefore, the sequencing data also suggests that 

there is a negative regulatory relationship between miR-21 and the members of 

the miR-17~92a cluster. 
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Figure 6.8 Comparison of the expression of the miR-17~92a cluster miRNAs 

across the three miRNA sequencing conditions. The miR-21 mimic, miR-21 

antisense, and scramble control are shown in red, green, and blue respectively. 

miRNA expression is displayed as normalised reads. n=2. 
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6.3.5 Exploration of the miR-17~92a Cluster in the TCGA HNSCC Cohort 

Following the observation that miR-21 may potentially regulate the expression 

of the miR-17~92a family in vitro, it was questioned whether the relationship 

between miR-21 and these six miRNAs is reflected in patients. To address this, 

miRNA expression data was extracted from the TCGA HNSCC cohort and 

analysed using R Studio. The miR-17~92a cluster is encoded for on the gene 

MIR17HG, hence it was also included in the subsequent analyses.  

The levels of the miR-17~92a host gene, MIR17HG, were compared across the 

TCGA HNSCC cohort using the students t-test (Figure 6.9A). Compared to 

normal tissue, there was a significant increase in MIR17HG expression in both 

primary tumour and metastatic patient samples. 

The expression of the miR-17~92a family and miR-21 from the TCGA HNSCC 

cohort were plotted according to subtype (Figure 6.9B). The miRNAs with the 

highest and lowest expression were miR-21-5p and miR-19a-5p respectively. 

The Kruskal-Wallis Rank Sum Test was applied to determine if there was a 

statistical difference in a single miRNA’s expression across the sample groups. 

All miRNAs except for miR-17-3p and miR-19a-5p demonstrated a statistically 

significant increase in expression with tumour progression.  
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Figure 6.9 A) Expression of MIR17HG in the TCGA HNSCC samples as 

unadjusted Log2(count+1) values. Statistical significance calculated using the 

student’s t-test. Solid tissue normal n=117; Primary tumour n=665; Metastatic 

n=4. B) miRNA expression of the guide and passenger strands of the miR-

17~92a cluster and miR-21-5p in the different sample types within the TCGA 

HNSCC dataset, as unadjusted Log2(RPM+1) values. Statistical significance 

calculated using the Kruskal-Wallis Rank Sum Test. Solid Normal Tissue 

(n=148) samples are shown in blue, primary tumour samples (n=600) are 

shown in green, and metastatic samples (n=4) are shown in red. P-value ≤ 0.5 

indicated by *, p-value ≤ 0.01 indicated by **, p-value ≤0.001 indicated by ***, 

and p-value ≤0.0001 indicated by ****. RPM; reads per million.  
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6.3.5.1 Correlation of the miR-17~92a Cluster with miR-21 in HNSCC 

Pearson correlation analysis was applied to determine the presence of 

significant trends between the members of the miR-17~92a cluster and miR-21. 

A correlation matrix was created for the normal and tumour cohorts of the 

TCGA HNSCC dataset.  

Within the normal cohort, strong significant correlations were observed for the 

miRNAs included within the miR-17~92a cluster (Figure 6.10A). Weaker 

correlations were observed for miR-19a-5p, likely due to its low expression. The 

bottom row of the correlation matrix displays the correlation of miR-21 with the 

individual miRNA within the cluster. Across the miRNAs, miR-21 had a 

significant correlation coefficient (R) range of 0.25 (miR-19b-3p) to 0.6 (miR-

18a-5p), demonstrating that a moderate correlation in expression is present 

between miR-21 and the miR-17~92a cluster members in normal head and 

neck tissue. 

The cancer cohort shows little change in the correlation between the miR-

17~92a cluster members (Figure 6.10B). However, compared to the normal 

cohort, there is a loss of correlation between miR-21 and the cluster miRNAs, 

with a correlation coefficient (R) range of -0.1 (miR-19a-5p) to 0.3 (miR-17-5p, 

miR-18a-5p, miR-19a-3p, miR-19b-1-5p, miR-20a-5p). 

These results indicate that there is a relationship between miR-21 and the miR-

17~92a miRNAs in normal tissue, and that in HNSCC patients, this relationship 

is no longer present. However, correlation analysis does not indicate whether 

the observed relationship is causative.  
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Figure 6.10 Pearson correlation matrix of miR-21 and the MIR17HG miRNAs 

within the A) normal (n=148) and B) primary tumour samples (n=600) within the 

TCGA HNSCC dataset. The correlation coefficient (R) for each comparison is 

shown in the appropriate square. The colour of the squares within the matrix 

correspond with the R value, whereby red indicates a positive R value, and blue 

indicates a negative R value. Non-significant correlations are crossed out.  
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6.3.5.2 Survival Analysis of the miR-17~92a Cluster 

Survival analysis was performed on the TCGA HNSCC cancer cohort to 

determine if the expression of the miRNAs within the miR-17~92a cluster are 

associated with patient outcomes. Kaplan-Meier analysis was applied to the 

TCGA miRNA expression dataset, with samples classified as having high or low 

levels according to the median of their miRNA expression. 

The host gene for the miR-17~92a cluster, MIR17HG, was previously shown in 

the TCGA dataset to increase in expression with cancer progression. Survival 

analysis of the MIR17HG gene showed that decreased expression of the gene 

in cancer patients was associated with a decreased chance of survival (p-value 

= 0.0087)(Figure 6.11).  

Figure 6.12 and Figure 6.13 contain the survival Kaplan-Meier curves for the 

miRNAs within the miR-17~92a cluster. Of these, only two miRNAs, miR-20a-

3p and miR-92a-3p were significantly associated with patient survival, with p-

values of 0.045 and 0.0035 respectively (Figure 6.13D and Figure 6.13F). 
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Figure 6.11 Kaplan-Meier survival plot relating low and high expression of 

MIR17HG across time in years. High (n=281)and low (n=279) levels of 

MIR17HG are indicated by the blue and red lines respectively. Statistical 

significance calculated from Kaplan-Meier analysis.  
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Figure 6.12 Kaplan-Meier plot of survival across time in months in relation to 

the expression of A) miR-17-5p, B) miR-17-3p, C) miR-18a-5p, D) miR-18a-3p, 

E) miR-19a-5p, and F) miR-19a-3p. High (n=281) and low (n=279) levels of the 

miRNA are indicated by the blue and red lines respectively. Statistical 

significance indicated by Kaplan-Meier test.  
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Figure 6.13 Kaplan-Meier plots of survival over time in relation to the 

expression of A) miR-19b-1-5p, B) miR-19b-3p, C) miR-20a-5p, D) miR-20a-3p, 

E) miR-92a-5p, and F) miR-92a-3p. High (n=281) and low (n=279) levels of the 

miRNA are indicated by the blue and red lines respectively. Statistical 

significance indicated by Kaplan-Meier test.  
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6.3.5.3 Cox Regression Analysis of the miR-17~92a Cluster 

Univariate and Multiple Cox Regression Analysis was performed to determine 

how each miRNA in the miR-17~92a cluster contributes to the risk of death for 

HNSCC patients. Firstly, univariate analysis was applied to determine if, 

individually, any miRNAs in the miR-17~92a cluster affected the rate of death. 

Secondly, multivariable analysis was applied to all cluster miRNAs and miR-21 

to determine if a combination of changes in these miRNAs in HNSCC 

influenced the risk of death. In these analyses, a HR above one indicates high 

expression of the miRNA or gene increases the risk of death, while an HR 

below one suggests that lower expression of the miRNA or gene reduces the 

risk of death. Performing Cox Regression Analysis suggests which miRNAs or 

genes would be suitable for use as a prognostic indicator. 

The univariable analysis showed that only MIR17HG and miR-92a-5p 

expression were individually associated with a decreased risk of death, with 

hazard ratios (HR) of 0.875 (p-value 0.007) and 0.835 (p-value 0.016) 

respectively (Table 6.1). 

Multivariable analysis indicated that miR-18a-3p (HR=3.51608, p-value 

0.00546) and miR-19b-3p (HR=3.52622, p-value 0.04553) were associated with 

an increased risk of death, while miR-18a-5p was associated with a decreased 

risk of death (HR=0.35465 p-value 0.02689) (Table 6.2). This analysis indicates 

that a combination of these miRNAs could be used to predict the risk of death 

for a patient. 
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Table 6.1 Table summarising the univariable Cox’s proportional hazard test 

results for the miR-17~92a cluster miRNAs. Statistical significance is indicated 

by bold and italics. n=600 

miRNA Hazard 
Ratio 
(HR) 

Upper CI Lower CI z-statistic Wald test 
p-value 

MIR17HG 0.87106 0.964 0.787 -2.668 0.00763 
miR-17-3p 1.09813 1.37 0.8804 0.83 0.406 
miR-17-5p 0.9048 1.038 0.7878 -1.424 0.154 
miR-18a-3p 0.92374 1.125 0.7585 -0.789 0.43 
miR-18a-5p 0.94606 1.088 0.8229 -0.78 0.436 
miR-19a-3p 0.8964 1.019 0.7887 -1.674 0.0941 
miR-19a-5p 0.5450 4.129 0.07194 -0.587 0.557 
miR-19b-1-
5p 

0.87430 1.055 0.7244 -1.4 0.162 

miR-19b-3p 0.90895 1.065 0.7761 -1.184 0.236 
miR-20a-3p 0.87926 1.02 0.7582 -1.702 0.0887 
miR-20a-5p 0.8809 1.018 0.7751 -1.709 0.0875 
miR-21-5p 0.94799 1.117 0.8042 -0.636 0.525 
miR-92a-3p 0.83742 1.013 0.6924 -1.829 0.0673 
miR-92a-5p 0.83600 0.9672 0.7226 -2.409 0.016 
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Table 6.2 Summary of the multivariable Cox’s proportional hazard ratio for 

MIR17HG, the miR-17~92a family and miR-21 in the HNSCC TCGA cancer 

cohort. Statisitical signficance is indicated by bold and italics. n=600 

miRNA Hazard Ratio (HR) z-statistic Wald test p-
value 

MIR17HG 1.02368 0.143 0.88599 

miR-17-3p 1.26523 0.549 0.58288 

miR-17-5p 3.86820 1.432 0.15227 

miR-18a-3p 3.52101 2.780 0.00544 
miR-18a-5p 0.35553 -2.189 0.02858 
miR-19a-3p 0.55492 -0.917 0.35899 

miR-19a-5p 0.17264 -1.021 0.30712 

miR-19b-1-5p 0.60882 -0.885 0.37590 

miR-19b-3p 3.50579 1.994 0.04615 

miR-20a-3p 0.63051 -1.138 0.25531 

miR-20a-5p 0.39166 -1.076 0.28194 

miR-21-5p 1.02815 0.067 0.94662 

miR-92a-3p 0.37547 -1.370 0.17061 

miR-92a-5p 1.70199 1.420 0.15554 
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6.3.6 Exploring Potential Mechanisms of miR-17~92a Control by miR-21 

The exploration of the TCGA HNSCC dataset demonstrated that there was a 

moderate relationship between the expression of the miR-17~92a cluster 

miRNAs and miR-21. Given this, and the observations in vitro, further 

computational analyses were conducted to explore the potential mechanism 

that allows for miR-21 to influence members of the miR-17~92a cluster. Based 

on previous reports of miRNA:miRNA interactions, two mechanisms of interest 

are: 1) the role of transcription factor regulation; and 2) the direct binding of 

miR-21 to MIR17HG to prevent Microprocessor cleavage. The remainder of this 

chapter will explore these two modes of regulation in the context of miR-21 and 

the miR-17~92a cluster. 

6.3.6.1 miR-21 Binding Sites are Present Within the miR-17~92a Host 

Gene 

Previous reports of miRNA:miRNA interactions have described the binding of a 

mature miRNA to a pri-miRNA to prevent Microprocessor cleavage. Therefore 

computation analysis aimed to determine whether this was the case between 

miR-21 and the host gene for the miR-17~92a cluster, MIR17HG. 

The command line tools miRanda and RNAhybrid were used to determine 

whether miR-21 binding sites were predicted within MIR17HG. Table 6.3 and 

Table 6.4 summarise the output obtained from these two algorithms, including 

nucleotide alignment.The miRanda algorithm identified one potential binding 

site at position 2385 to 2405 which had a total energy of -15.16 kCal/mol. This 

potential site indicates binding of the miR-21 seed sequence at positions 2-8, 

and additional binding at the 3´ end of the miRNA (Table 6.3). The RNAhybrid 

output suggested 5 potential binding sites for miR-21 within MIR17HG. These 

sites were distributed across the 5000bp host gene, and had energies of -

25kCal/mol to -20kCal/mol. However, from the alignment output, none of the 

predicted sites exhibited extended binding of the miR-21 seed region with 

MIR17HG (Table 6.4).  
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Table 6.3Target prediction of MIR17HG and miR-21 using the miRanda 

algorithm, with a screenshot of the command line output. 

Site Position 
(bp) 

Energy 
(kCal/mol) 

miRanda 
Score 

Alignment 

1 2385-
2408 

-15.16 159.00 

 

 

 

Table 6.4 Target prediction of MIR17HG and miR-21 using the RNAhybrid 

algorithm, with a screenshot of the command line alignment. 

 

 

Site position mfe 
(kCal/mol) 

p-value alignment 

1 547 -20.00 1.00 

 
2 1663 -20.5 1.00 

 
3 3590 -25.0 1.00 

 
4 4571 -20.7 1.00 

 
5 4901 -20.9 1.00 

 

23/8/19, 11)27 am

Page 2 of 2https://bibiserv.cebitec.uni-bielefeld.de/applications/rnahybrid/pages/rnahybrid_function_rnahybrid_result.jsf

mfe: -20.5 kcal/mol
p-value: 1.000000e+00

position  1663
target 5'   U     CAGCU  G     UUCU    U 3'
             GCAUC     GU UGAUA    GCUG    
             UGUAG     CA ACUAU    CGAU    
miRNA  3' AGU     U      G     U         5'

------------------------------------------------------------

dataset: 1
target: NR_027350.1
length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -20.0 kcal/mol
p-value: 1.000000e+00

position  547
target 5' A     CUUGAAGUG        AC   A  3'
           UAACA         UAGUCUGA  AGU     
           GUUGU         GUCAGACU  UCG     
miRNA  3' A     A                AU   AU 5'

------------------------------------------------------------
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length: 5018
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length: 22
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Version: RNAhybrid 2.2
Command line:/vol/bioapps/bin/RNAhybrid.bin -m 5018 -g all -b 5 -t 
/var/bibiserv2/anonymous/rnahybrid/23/03/25/bibiserv2_2019-08-
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23_032527_i3w9r/rnahybrid_input_mirna_sequences.file -s 3utr_human -n 22
searching
dataset: 1
mde of hsa-miR-21-5p: -42.299999
Individual hits
------------------------------------------------------------

dataset: 1
target: NR_027350.1
length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -25.0 kcal/mol
p-value: 1.000000e+00

position  3590
target 5' A                 UUU  A  3'
           CAGCAU GGUCUGGUAG   GC     
           GUUGUA UCAGACUAUU   CG     
miRNA  3' A      G               AU 5'

------------------------------------------------------------

dataset: 1
target: NR_027350.1
length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -20.9 kcal/mol
p-value: 1.000000e+00

position  4901
target 5'       A         CU     U 3'
                 CAGUUUGGU  GGCUG    
                 GUCAGACUA  UCGAU    
miRNA  3' AGUUGUA         U        5'

------------------------------------------------------------

dataset: 1
target: NR_027350.1
length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -20.7 kcal/mol
p-value: 1.000000e+00

position  4571
target 5' C     UGAG    AAA      GA A 3'
           UCAAC    CAGU   GGUAAG  G    
           AGUUG    GUCA   CUAUUC  U    
miRNA  3'       UA      GA       GA   5'

------------------------------------------------------------
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miRNA  3' AGUUGUA         U        5'

------------------------------------------------------------

dataset: 1
target: NR_027350.1
length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -20.7 kcal/mol
p-value: 1.000000e+00

position  4571
target 5' C     UGAG    AAA      GA A 3'
           UCAAC    CAGU   GGUAAG  G    
           AGUUG    GUCA   CUAUUC  U    
miRNA  3'       UA      GA       GA   5'

------------------------------------------------------------

dataset: 1
target: NR_027350.1

length: 5018
miRNA : hsa-miR-21-5p
length: 22

mfe: -20.5 kcal/mol
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A graphical representation of the predicted miR-21 sites within MIR17HG was 

created to visualise the context of the sites in relation to other features within 

the host gene, such as the pre-miRNA region (Figure 6.14). From this visual, it 

was observed that only one predicted miR-21 sites was within the region 

containing the pre-miRNA sequence for the miR-17~92a cluster. This site was 

predicted by RNAhybrid and is at position 1663 to 1690 of the transcript. 

Further examination of this site revealed that it started 13bp into the region 

encoding miR-19b-1-5p, and ended 3bp into the region for miR-19b-1-3p. 

From this analysis it is proposed that potential binding sites for miR-21 within 

the miR-17~92a cluster host gene may be responsible for the changes 

observed in vitro. 
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Figure 6.14 Visual representation of MIR17HG and the position of the miR-21 

binding sites predicted by miRanda and RNAhybrid. The host gene is shown in 

yellow, the precursor region in red, and individual pre-miRNAs in navy. The 

miRanda and RNAhybrid predicted sites are indicated by blue and green 

respectively. Base pair coordinates are shown below their respective feature. 

Visual not to scale. Created with BioRender.  
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6.3.6.2 Transcription Factor Network Connecting miR-21 and the miR-

17~92a Cluster 

It was also hypothesised that miR-21 may regulate the miR-17~92a cluster 

through the targeting of its transcription factors. This is based on previous 

studies where authors have identified miRNAs that are altered indirectly via the 

modulation of transcription factors by another miRNA. 

This premise was explored using the networking program Cytoscape, which 

was used to map out the interactions between the miR-17~92a cluster and miR-

21. The transcription factors of miR-21 and the miR-17~92a family were 

identified using the TransmiR database269,270. These genes were cross-

referenced with known targets of miR-21 and the miR-17~92a cluster, as 

annotated in miRTarBase217.  

The resultant network integrated both target and transcription factor information 

which enables the identification of potential pathways and feedback loops 

between miR-21 and the miR-17~92a cluster (Figure 6.15). ClusterMaker 

analysis of the network resulted in three main clusters which are centred around 

miR-21, the miRNAs of the miR-17~92a cluster, and the transcription factor 

SP1. 
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Figure 6.15 Cytoscape network incorporating transcription factors of miR-21 

and the miR-17~92a cluster. In this network, miRNA, transcription factors, 

tumour suppressor genes and oncogenes are represented with purple, blue, 

magenta and yellow respectively. Promoter transcription factor interactions are 

shown in green, and red denotes transcription factor driven suppression.  
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6.3.6.2.1 Exploration of Potential Transcription Factor Pathways 

Next, it was assessed whether the miR-17~92a cluster and miR-21 were 

connected through the actions of the transcription factors included in the 

network. The most influential nodes in the network were determined using the 

MCC statistic within the CytoHubba plugin. The top 10 nodes ranked by MCC 

are included in Table 6.5. The highest MCC statistic of 6667 was observed for 

the gene SP1, which had a degree of 44. The lowest within the top 10 was 

STAT3, with an MCC of 414 and degree of 18. The only miRNA among the top 

10 nodes was miR-20a, with an MCC statistic of 958 and a degree of 18. The 

genes in this list were subsequently investigated to identify whether they 

instigate any potential regulatory feedback loops between miR-21 and miR-

17~92a. 

 

 

Table 6.5 Summary of the top 10 nodes by MCC statistic in the network of miR-

21 and miR-17~92a transcription factors. 

Gene ID Name MCC Degree 
6667 SP1 3211 44 
2099 Estrogen Receptor 1 

(ESR1) 
3112 32 

4088 SMAD3 2954 27 
4609 MYC 2598 23 
7157 TP53 1994 26 
3091 Hypoxia Inducible 

Factor 1 Subunit Alpha 
(HIF1A) 

1536 15 

2033 EP300 1464 44 
1051 CCAAT Enhancer 

Binding Protein Beta 
(CEBPB) 

1076 44 

miR-20a miR-20a 958 18 
6774 STAT3 414 18 
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The highly connected genes, as determined by the MCC statistic, were further 

assessed in terms of their relationship to miR-21 and the miR-17~92a cluster. 

The genes were individually selected within the network, then their direct 

neighbours were highlighted to determine their connection to the miRNAs of 

interest. These connections were then cross-referenced with records in 

mirTarBase and TransmiR, which were used to create the network. The 

information gathered regarding the relationships between miR-21, the miR-

17~92a cluster, and the selected genes, is summarised in Table 6.6. Through 

assessment of these genes, it was determined that four of the nine genes were 

likely candidates for the facilitation of miR-21 mediated control of the miR-

17~92a cluster. These genes were SP1, MYC, CEBPB, and STAT3. 

The gene SP1 was previously found to be a target of miR-21, as proven 

through luciferase assays and western blotting357. SP1 also regulates the miR-

17~92a cluster via interaction with its promoter401. This suggests that miR-21 

may negatively regulate SP1 to decrease the transcription of the miR-17~92a 

cluster. 

The oncogene MYC only transcriptionally activates miR-17~92a but is a target 

of both the miR-17~92a cluster and miR-21. This suggests that in the presence 

of high levels of miR-21, MYC levels may decrease, resulting in lowered miR-

17~92a levels. 

CEBPB is a target of miR-21, and is a repressor of the miR-17~92a cluster. It is 

suggested that in the presence of high miR-21 levels CEBPB is suppressed, 

which increases the production of the miR-17~92a cluster. 

The fourth gene, STAT3, is a direct target of miR-21402, miR-17-5p, miR-20a-

5p403, and miR-92a-3p404. It acts as either a promoter or repressor of miR-21 

depending on the cellular context and environment405. STAT3 is also a 

transcriptional activator for the miR-17~92a cluster406. It is implied that an 

increase in miR-21 would result in a decrease in STAT3, and potentially a 

subsequent decrease in miR-17~92a production. 
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Table 6.6 Description of the relationship between miR-21, the miR-17~92a 

cluster, and the topmost connected genes, as determined by the MCC statistic. 

Gene Relationship 
to miR-21 

Relationship to 
miR-17~92a 

Potential pathway 

SP1 Target of miR-
21357 

Promoter401 High miR-21 levels decrease 
SP1 to reduce the production 
of miR-17~92a. 

ESR1 Suppressor of 
miR-21 with the 
aid of E2407,408 

Target of miR-
17~92a cluster; 
Promoter409 

Modulation of ESR1 by miR-
17~92a may impact miR-21 
levels. 

SMAD3 Promoter369,410 Weak target of 
miR-17-5p and 
miR-18a-3p; 
Promoter411 

Neither miRNA groups target 
SMAD3 so there is unlikely to 
be a feedback mechanism 
via this gene. 

MYC Target of miR-
21358 

Target of miR-
17~92a 
miRNAs412,413; 
Promoter414,415 

miR-21 directed suppression 
of MYC may decrease miR-
17~92a production. 

TP53 Not a known 
target or 
transcription 
factor 

Target of miR-
17~92a 
cluster412,416; 
Repressor417 

Feedback loop between 
TP53 and miR-17~92a 
cluster, with no known 
connection with miR-21. 

HIF1A Target of miR-
21418; 
Promoter419 

Target of miR-
17~92a 
cluster218,364,420; 
Repressor of 
miR-20a421 

A high level of miR-21 would 
decrease HIF1A, potentially 
resulting in an increase in 
miR-20a. 

EP300 Promoter that 
requires 
HIF1A419 

Weak target of 
miR-92a-3p365 

Unlikely to form a feedback 
mechanism. 

CEBPB Target of miR-
21422 

Repressor423 Increased miR-21 would 
target CEBPB, resulting in a 
loss of suppression of the 
miR-17~92a cluster. 

STAT3 Target of miR-
21402; Promoter 
or suppressor 
depending on 
context402,405 

Target of miR-
17-5p, miR-
20a-5p403, and 
miR-92a-3p404; 
Promoter406 

An increase in miR-21 would 
decrease STAT3 levels, 
which would result in 
decreased miR-17~92a 
transcription. 
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6.3.6.2.2 TCGA HNSCC Analysis of the Candidate Transcription Factors 

The four genes of interest were investigated within the TCGA HNSCC dataset 

to determine if their expression was related to the levels of miR-21 and the miR-

17~92a pathway, and the impact of their expression on clinical outcomes. 

The expression of these four genes was examined across the sample types 

available within the TCGA HNSCC dataset (Figure 6.16). Of the four genes, 

MYC and SP1 demonstrated a statistically significant decrease in expression 

with tumour progression. There was no significant change observed for STAT3 

or CEBPB in the HNSCC TCGA dataset. 

Correlation matrices were created to determine if there was a potential 

relationship between miR-21 or MIR17HG with any of the four genes of interest, 

and whether this was altered in cancer samples. The summary of the 

correlation coefficients in the normal cohort is depicted in Figure 6.17A. Within 

the normal tissue cohort, miR-21 demonstrated a significant positive correlation 

with MIR17HG and CEBPB, while all other correlations were non-significant. 

Also, MIR17HG expression was positively correlated with MYC and CEBPB and 

negatively correlated with SP1. 

The same analysis was applied to the cancer cohort and was depicted as a 

correlation matrix (Figure 6.17B). Within the cancer cohort, miR-21 again 

showed a positive correlation with MIR17HG and CEBPB. However, the 

correlation coefficient between miR-21 and CEBPB decreased from 0.38 in the 

normal cohort to 0.26 in the cancer cohort, indicating a small loss in correlation. 

miR-21 also showed a negative relationship with SP1 and STAT3 in the cancer 

cohort, neither of which were present in normal tissue. MIR17HG in the cancer 

cohort, overall, showed a decrease in its extent of correlation with the selected 

genes. In particular, MIR17HG and STAT3 expressions were significantly 

negatively correlated, as compared to normal samples where there was no 

significant correlation. 
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Figure 6.16 Gene expression of CEBPB, MYC, SP1 and STAT3 in the different 

sample types of HNSCC, as unadjusted Log2(count+1) values. Statistical 

significance calculated suing the Kruskal-Wallis Rank Sum Test. Solid Normal 

Tissue n=148; Primary Tumour n=600; Metastatic n=4. P-value ≤0.05 indicated 

by *.  
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Figure 6.17 Pearson correlation matrix for miR-21, MIR17HG, and the genes of 

interest for A) normal tissue (n=148) and B) cancer tissue (n=600) within the 

HNSCC TCGA dataset. The R value for each comparison is shown in the 

appropriate square. The colour of the squares within the matrix correspond with 

the R value, whereby red indicates a positive R value, and blue indicates a 

negative R value. Non-significant correlations are crossed out. 
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Survival analysis was also performed on the four genes to determine their 

influence in HNSCC outcomes. The median gene expression within the TCGA 

HNSCC cancer cohort was used to classify patients as having either high or low 

levels of an individual gene. These classifications were then used to create a 

series of Kaplan-Meier plots (Figure 6.18). From these plots, none of the 

analysed genes had a significant influence on HNSCC survival. However, 

survival in relation to MYC expression was close to statistical significance (p-

value 0.056), whereby a lower level of MYC was indicative of a greater chance 

of survival (Figure 6.18B). 

From the analysis of the transcription factor network of miR-21 and the miR-

17~92a cluster, and its influential genes, there are four genes that are 

candidates for further investigation; SP1, CEBPB, MYC and STAT3. These four 

genes were found to have a variable correlation with miR-21 and the MIR17HG 

host gene, depending on whether the tissue was in a normal or cancerous 

state. This initial work suggests the presence of an indirect miRNA:miRNA 

relationship between miR-21 and the miR-17~92a, which may explain the 

observations in vitro where the expression of the miR-17~92a decreased with 

miR-21 transfection. The aforementioned genes should be the focus of 

continued investigation into the mechanism behind this potential indirect 

miRNA:miRNA interaction. 
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Figure 6.18 Kaplan-Meier survival plot for A) SP1, B) MYC, C) CEBPB, and D) 

STAT3 over time in years. High (n=280) and low (n=282) levels of the gene are 

indicated by the blue and red lines respectively. Statistical significance indicated 

by Kaplan-Meier test. 
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6.4 Discussion 

It is currently known that miRNA have the capacity to bind to and regulate other 

ncRNA transcripts, including lncRNA198. This process extends to the control of 

non-coding sequences that contain miRNA hairpins. There are several 

examples of miRNA acting on the pri-miRNA strand of another miRNA within 

the nucleus to suppress miRNA production11,12,206. Additionally, a miRNA may 

influence another miRNA via transcriptional regulators211-213. Previously in this 

study, miR-92a and miR-20a were identified to be dysregulated by miR-21 

overexpression in UMSCC22B cells. Both of these miRNAs are part of the miR-

17~92a cluster424. Thus this chapter explored the potential for miR-21 to 

regulate the miRNAs of this cluster in HNSCC using both in vitro and 

bioinformatics techniques. 

The miR-17~92a cluster encodes for six mature miRNA424, and is understood to 

be vital in early foetal development, particularly for the heart and lung390,391. 

However, high levels of the miRNAs within this cluster have been observed in a 

range of malignancies. Within cancer, the miR-17~92a family is responsible for 

changes in glycolytic and oxidative metabolism via MYC-mediated 

transcriptional activation393. Disruption in the expression of this cluster, either in 

an oncogenic or tumour suppressive manner, has been demonstrated in 

several forms of cancer. This includes B cell lymphoma391, and cancer of the 

breast, prostate, colon, lung, and pancreas396. Thus this chapter investigated 

the remaining members of the miR-17~92a cluster and their host gene, 

MIR17HG, with respect to their response to miR-21, and explored the potential 

mechanisms responsible. 

It was observed within the HNSCC cell lines, UMSCC22B and SCC4, that the 

expression of several members of the miR-17~92a cluster decreased with miR-

21 mimic transfection. This was ameliorated with the miR-21 ASO. Repetition of 

this set of experimental conditions in HeLa and HEK293 cells found that the 

expression of the miR-17~92a cluster was at similar levels to the control with 

the addition of the miR-21 mimic or ASO. These differing results across several 
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cell lines suggests that the miRNAs within this cluster are somehow modulated 

by miR-21 in a tissue-specific manner. It has been previously shown in ovarian 

cancer cells that the expression of miR-17 and miR-92a were indirectly 

modulated by the introduction of miR-7393. This sets a precedent for the miR-

17~92a cluster to be regulated by other miRNA. Again, the potential for Ago2 

saturation and cell specificity of miRNA:miRNA interactions need to be 

considered in light of these results244,288,332,375,376. Repetition of experiments 

across different cell lines and further evaluation is warranted to characterise the 

impact of miR-21 on the miR-17~92a cluster. 

6.4.1 The miR-17~92a Cluster in the HNSCC TCGA Cohort 

Further inquiry was made into the role of the miR-17~92a cluster in HNSCC by 

examining the expression of its constituent miRNAs in the TCGA HNSCC 

cohort. Exploration of TCGA HNSCC data suggested that the members of the 

miR-17~92a family and their host gene, MIR17HG, increased in expression in 

tumour samples. However, this is in direct contradiction with the decrease in 

their expression observed in the in vitro results. Several reports have found that 

members of the miR-17~92a cluster have varied expression between different 

bodily regions, and may even differ within the same organ396. This disparity in 

the expression of the miR-17~92a cluster members has already been indicated 

in the subsites of HNSCC within the literature. Specifically, miR-17-5p has been 

described as upregulated in laryngeal and tongue SCC, resulting in more 

advanced disease397. In OSCC however, the miR-17~92a cluster is 

downregulated, which similarly leads to increased migration and progression of 

the cancer292. Investigating the expression of the members of the miR-17~92a 

cluster across the anatomical regions classified as HNSCC within the TCGA 

cohort may unveil differences that are not evident when analysing the cohort as 

a whole. 

Across cancer types, miRNAs have been shown to decrease in expression on a 

global scale288. Correlation analysis has frequently been used to classify 

miRNA:gene targets. Previous work has shown a loss of correlation between 

miRNAs and their respective targets in a range of malignancies compared to 
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normal tissue types228. This form of analysis was extended to investigate the 

relationship between miR-21 and the members of the miR-17~92a cluster. 

Compared to normal patients, cancer patients showed a loss of correlation 

between miR-21 expression and the miRNAs of the miR-17~92a cluster. 

However, the cause of this is currently unexplained. It may be that changes to 

miRNA expression, as well as the intercellular and intracellular environment, 

have a role in altering miRNA:miRNA correlation228. It is difficult to determine 

the cause behind the decreased correlation in cancer, but it enables the 

identification of potential connections between miRNAs that can be followed up 

with further experimentation. 

The miR-17~92a cluster and miR-21 were also examined in relation to their 

impact on patient overall survival. From the analysis it was found that low 

expression of MIR17HG, miR-20a-3p, and miR-92a-3p were associated with 

poor survival outcomes. Previously, low expression of miR-20a-3p or miR-17-3p 

has been shown to significantly decrease overall survival292, which is in line with 

the bioinformatics and in vitro results. The finding that low levels of miR-92a are 

associated with poor survival is also congruent with published meta-analysis 

results that indicate that elevated miR-92a is associated with good prognosis425. 

However, other studies have described miR-17~92a members as upregulated 

across HNSCC425,426 and other cancers427. Again, different cancer types and 

HNSCC subsites would have an effect on the expression of the 17~92a cluster, 

and thus have a distinct impact on survival and prognosis. The disparity 

between the expression of the miR-17~92a cluster across cancer types and 

HNSCC subtypes needs to addressed, possibly through the analysis of several 

datasets for each cancer type. 

6.4.2 Potential Mechanisms for miR-17~92a Regulation by miR-21 

In light of the in vitro and TCGA findings, there were two different mechanisms 

that were considered potentially responsible for the changes in the miR-17~92a 

cluster in response to miR-21. Based on previous reports of miRNA:miRNA 

interactions211-213, one hypothesis was the interplay between transcription 

factors, miR-21, and the miR-17~92a cluster. This investigation found four 
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transcription factors, SP1, MYC, CEBPB, and STAT3, which may potentially 

drive the interaction between the miR-17~92a cluster and miR-21. 

From the known interactions between SP1 and the investigated miRNAs357,401, 

it is suggested that an increase in miR-21 would result in a decrease in SP1, 

and thus a loss in MIR17HG transcription. The observed negative correlation 

between SP1 and miR-21 in HNSCC TCGA patients and the low levels of the 

miR-17~92a members with miR-21 transfection support this hypothesis. This is 

also in line with the decrease in SP1 observed within the HNSCC cohort. 

However, this is not consistent with current studies pertaining to the expression 

of SP1 in HNSCC. SP1 has been reported as overexpressed in HNSCC, 

resulting in metastasis, apoptosis, proliferation, migration428, and radiotherapy 

resistance429. Increased SP1 has also been associated with poor relapse free 

survival of HNSCC183. Based on previous studies, there is also a precedent for 

miRNA interference between MIR17HG and SP1 expression. In osteosarcoma 

cells, MIR17HG sponges miR-130, resulting in an increase in the miR-130 

target, SP1, which in turn promotes MIR17HG395. SP1 has also been reported 

to act in either a pro- or anti-tumorigenic fashion183. More investigation is 

required to determine whether the relationship between SP1 and MIR17HG is 

attenuated by miR-21 expression. 

MYC is a known positive transcriptional regulator of MIR17HG386,414,415, and is a 

target of both miR-21358 and the miR-17~92a miRNA family412,413. From this, it is 

implied that an increase in miR-21 expression would decrease MYC levels, 

resulting in decreased transcription of MIR17HG. The in vitro data relating miR-

21 to miR-17~92a expression is in line with this proposed pathway. Also 

considstent with this hypothesis is the downregulation of MYC with disease 

progression in the HNSCC TCGA cohort. However, MYC is commonly 

upregulated in cancer, and contributes to metastasis, cell proliferation, 

apoptosis430, cell differentiation and tumour progression431. Within HNSCC, 

MYC is associated with poor prognosis431 and resistance to cisplatin-based 

chemotherapy treatment432. It is also involved in a feedback loop with miR-20a 

and the E2F transcription factors, which contributes to cell cycle dysregulation, 
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increased proliferation and tumorigenesis433. Given its prominent role in cancer 

biology, any potential regulatory pathway involving MYC in the context of 

miRNA:miRNA interactions should be thoroughly examined. 

Another potential transcriptional regulator responsible for the relationship 

between miR-21 and the miR-17~92a family is CEBPB. It is a known target of 

miR-21422 and a repressor of the miR-17~92a cluster423, which suggests that an 

increase in miR-21 would decrease CEBPB expression and result in increased 

MIR17HG transcription. However, the presented results imply that this may not 

be the case; there was an observed decrease in the miR-17~92a miRNAs 

rather than the increase predicted in this model. In HNSCC, CEBPB is known to 

be regulated by NF-𝜅B434, which is involved in adhesion, apoptosis, and 

response to inflammation434,435. Since miR-21 also interacts with NF-	𝜅B through 

a feedback loop435, there is justification for further investigation into CEBPB and 

the effects of this on MIR17HG transcription, and the effect on the immune 

response in HNSCC. 

Lastly, STAT3 was also identified as a potential vector for an indirect 

miRNA:miRNA interaction between miR-21 and the miR-17~92a cluster. In this 

model, an increase in miR-21 may induce a decrease in STAT3402,405, which in 

turn would lower miR-17~92a levels due to STAT3s’ status as a MIR17HG 

promoter406. This hypothesis is supported by the in vitro miRNA levels and the 

analysis of the TCGA dataset. Lower levels of STAT3 have been associated 

with radiosensitivity436, and decreased growth of HNSCC tumours437. 

Conversely, STAT3 has also been described as a potent driver of HNSCC 

tumorigenesis, whereby its high expression promotes invasion, growth, 

migration438, and radiotherapy resistance437. The interaction of STAT3 and 

CEBPB, as two transcription factors activated by NF-	𝜅B434, and their influence 

on miR-21 and the miR-17~92a cluster, should be further investigated due to 

the potential for this pathway to have implications on tumour development and 

response to therapeutics. 

As well as exploring the role of transcriptional regulators, it was also explored 

whether a recognition site for miR-21 may be present within MIR17HG. This is 
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in line with previous evidence that a miRNA may target a pri-miRNA within the 

nucleus to influence its expression11,12,206. Another hypothesis to consider is 

that miRNA may be sponged by miRNA host genes. This form of 

miRNA:miRNA interaction has been demonstrated in Oral Tongue SCC, 

whereby MIR4713HG sponged let-7c, which resulted in increased cell 

proliferation and migration, and contributed to poor patient prognosis439. There 

are also reports of MIR17HG sponging miRNAs, such as miR-375 in colorectal 

cancer392, and miR-130a in osteosarcoma395. These two miRNAs, let-7c and 

miR-130a, have a tumour suppression role, and thus their absence via 

sponging results in increased tumorigenesis and disease progression. 

Therefore, it is not unprecedented for miRNA sites to be present within 

MIR17HG, such as those for miR-21 found in this study. However, in this case it 

is unknown whether these potential binding sites act as sponges for miR-21, or 

signal for the degradation of MIR17HG. Further functional studies should be 

applied to confirm the presence of the predicted miR-21 sites within MIR17HG, 

whether they induce miRNA sponging or host gene degradation, and to fully 

characterise their impact on cell cycle regulation, proliferation and migration. 

6.4.3 Limitations and Future Directions 

There are several limitations to the findings of this chapter, mainly that it cannot 

be assumed that there is a direct causal interaction between miR-21 and the 

miR-17~92a cluster based on RT-qPCR data alone. Northern blotting of the 

primary, precursor and mature forms of the miRNA involved may provide 

greater insight into the impact of miR-21 on the biogenesis of the miR-17~92a 

cluster. A recent study found that pri-miR-17~92a was cleaved by 

Microprocessor in a series of intermediary stages389. One of the predicted miR-

21 binding sites is within the coding region for pre-miR-19b-1. Thus deletion of 

individual pre-miRNA regions with the addition of miR-21 would assist in 

determining at what stage miR-21 mediated regulation occurs during Drosha 

cleavage of miR-17~92a. 

Confirmation of the proposed interaction must be conducted to determine the 

mechanism behind the relationship between these miRNA. Western blotting and 
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functional assays could be used to determine the role of the aforementioned 

transcription factors. A series of luciferase assays paired with mutational 

analysis would verify the capacity for each predicted miR-21 binding site to 

regulate MIR17HG. 

Other limitations to this chapter were related to the effects of the COVID-19 

pandemic. In the experimental phase of this chapter there was an additional 

aim of conducting luciferase assays with a MIR17HG-psiCHECK-2 construct, 

which was available from a laboratory group in Wuhan, China. Acquisition of 

this plasmid was significantly delayed, and was ultimately not pursued, due to 

the initation of COVID-19 pandemic. Additionally, there were laboratory access 

restrictions and shipment delays on required reagents, which meant some 

experiments were not performed in biological triplicate. 

6.4.4 Conclusions 

The in vitro and bioinformatic findings of this chapter indicate that miR-21 may 

influence the expression of the miR-17~92a cluster. The potential mechanisms 

explored in this chapter were based on known pathways for miRNA:miRNA 

interactions. Network analysis identified several interacting transcription factors 

that may act as an intermediate between miR-21 and the miR-17~92a cluster. 

Also explored was the capacity for miR-21 to bind and suppress MIR17HG 

using seed-prediction methods. Although this chapter did not establish what 

mechanism was responsible, it contains valuable insight into the impact of 

miRNA:miRNA interactions which can be validated with further testing. If 

proven, the regulation of miR-17~92a by miR-21 would further the 

understanding of complex miRNA dynamics in HNSCC and other cancers. 

Additionally, this may assist in determining how miRNAs interact and control a 

miRNA cluster, which would contribute greatly to the growing understanding of 

miRNA:miRNA interactions. 
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7 Chapter 7 - The Prediction of Global miRNA:miRNA 

Interactions from TCGA Data and pri-miRNA 

Sequences 

7.1 Introduction 

On a cell-wide level, alterations in the expression of a single miRNA have been 

shown to both directly and indirectly impact the levels of other miRNA, which 

have an additive effect on disease aetiology. However, very few examples of 

global miRNA:miRNA interactions have been demonstrated in cancer.  

One study in Ovarian cancer demonstrated that with the transfection of miR-7 or 

miR-128, only 20% of the dysregulated genes were targets of the introduced 

miRNA221. Instead, it is implied that miR-7 and miR-128 regulate the hub genes 

Transcription Factor P65 (also known as RELA) and Caveolin1 (CAV1) to 

impact the production of miRNA which ultimately contribute to cancer-related 

hallmarks like cell adhesion and cell cycle regulation221. As of yet, there have 

been no studies in HNSCC that have identified potential hub miRNA 

transcription factors that are also regulated via miRNA. 

Previously in Chapters 3 and 5, OpenArray and miRNA sequencing 

technologies were used to determine the influence of miR-21 on miRNAs in 

UMSCC22Bs. However, the use of a model cell line may not fully reflect the 

miRNA-directed regulation occurring in patients. Additionally, it could not be 

determined from these two analyses whether the observed miRNA alterations 

were due to direct interaction with miR-21, or via secondary mechanisms, such 

as the regulation of transcription factors. Therefore the first aim of this chapter is 

to use TCGA HNSCC data to predict the miRNAs and mRNAs that are affected 

by miR-21 overexpression. Through this prediction analysis, the identification of 

differentially expressed mRNA that are also targets of miR-21 may assist in 

determining the pathways responsible for indirect miRNA:miRNA interactions. 
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Another mode in which the interaction between miRNA may occur is through 

the miRNA-directed suppression of pri-miRNA. This form of miRNA regulation 

has been shown in several animal models, and has consequences on disease 

development. Examples include the regulation of pri-miR-15a/16-1 by nuclear 

miR-709 in mice12, and the self-regulation of let-7 via a downstream binding site 

in the pri-let-7 transcript in C. elegans11. A recent investigation in mammalian 

cells found that miR-21 was post-transcriptionally regulated by miR-122 in the 

nucleus of liver cells206. However, these studies only describe a relationship 

between one miRNA and one pri-miRNA. Currently there is no indication that 

the miRNA-directed suppression of pri-miRNA is a widespread phenomenon. In 

this previous chapter it was discovered that several potential binding sites for 

miR-21 were present within the host gene for the miR-17~92 cluster, MIR17HG. 

Therefore, this chapter aimed to expand upon this concept by determining if pri-

miRNA regulation by miRNA is a widespread form of regulation. 

7.1.1 Chapter Aims 

Following from the exploration of miR-21 and its miRNA:miRNA interactions in 

Chapters 3 and 5, the first aim of this chapter was to predict the impact of miR-

21 expression on the mRNA and miRNA profile in HNSCC patients by creating 

a Generalised Linear Model (GLM) from TCGA sequencing data. 

Secondly, based on the discovery of several miR-21 binding sites within 

MIR17HG in Chapter 6, this chapter aimed to ascertain the presence and 

frequency of miRNA recognition regions among pri-miRNA strands, and to 

determine if these sites are enriched.  
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7.2 Methods 

7.2.1 TCGA Data Accession 

The HNSCC patient data, miRNA, and mRNA sequencing reads were accessed 

through R Studio using the package TCGABiolinks440,441. Low miRNA and 

mRNA read counts were filtered by a threshold value, which was determined 

through the selection of the smallest sample size and calculating the threshold 

needed to reach 10 counts per million (CPM). 

7.2.2 Generalised Linear Model (GLM) and Differential Expression 

The count values for miR-21 were extracted from the dataset and merged with 

the HNSCC patient sample information to create a design matrix. This design 

matrix was used to create a GLM, whereby sample status (normal or primary 

tumour) and miR-21 expression were assessed individually and in combination. 

EdgeR442 was used to normalise the read counts for both the miRNAs and 

mRNAs, and to perform differential expression based on the GLM. Significantly 

differentially expressed miRNAs and mRNAs were determined by a false 

discovery rate (FDR) less than 0.05 and a Log10(fold change) greater or less 

than 0.  

The differentially expressed miRNAs and mRNAs were categorised by their 

change between normal and tumour samples (i.e. ‘up’, ‘down’, ‘none’). 

MultimiR443 was used to determine if the dysregulated mRNAs were predicted 

or validated targets of the dysregulated miRNAs. MultimiR was also used to 

assess whether any of the miRNAs were related to disease within the literature. 

7.2.3 Extraction of pri-miRNA and miRNA Sequences 

The supplementary data from Chang et al. (2015)107 contained genomic 

coordinates for pri-miRNAs across eight cell lines (HEK293, A172, A673, 

Fibroblast, HCT116, HepG2, MCF7, and NCCIT). These were discovered 

through the knockdown of Drosha and subsequent RNA sequencing. Since the 

pri-miRNA coordinates contained no information regarding the identity of the 
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encoded miRNA, these were overlapped with the coordinates for known pre-

miRNA within miRbase Version 20337,339 to allow for miRNA annotation. The 

coordinates of the pri-miRNAs were then separated by cell line. For each 

dataset, sequences for the same pri-miRNA were merged using the 

reduceByGene() function in the package BRGenomics444. This resulted in a set 

of annotated pri-miRNA sequences for each of the 8 cell lines. Alignment with 

the human genome version GRCh37 resulted in the production of a pri-miRNA 

sequence fasta file for each of the cell lines. The miRNA sequence coordinates 

were also extracted from miRbase v20337,339, aligned to GRCh37, and exported 

as a fasta file for downstream analysis with mirconstarget445. This process is 

shown in Figure 7.1. 
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Figure 7.1 Flow chart of pri-miRNA extractions and annotation from the Chang 

et al. (2015) sequencing data. 

 

  

Overlap co-
ordinates 

Separate GRanges 
for each cell line 

Merge co-ordinates 
with multiple regions 

present 

Compressed co-ordinates 
of annotated pri-miRNAs 

in each cell line 

miRNA 
sequence 

Pri-miRNA sequence 

Chang et al. 2015 pri-
miRNA co-ordinates 

miRbase version 
20 

Hg19 

miRNA 
co-ordinates 

pre-RNA 
co-ordinates 

miRNAconstarget 

Chang et al. 2015 
co-ordinates with 

pre-miRNA and cell 
line annotation 



 

 271 

The online tool mirconstarget445 was used to determine the potential miRNA 

binding sites within the pri-miRNA sequences of HEK293 cells via four different 

prediction algorithms: MiRanda398,399, PITA446, simple seed identification, and 

TargetSpy447. The results were downloaded and imported into R Studio. The 

predicted sites were filtered by their consensus across all four algorithms. The 

miRNAs were also annotated according to their TargetScan conservation 

status448. 

7.2.4 Enrichment of miRNA Binding Sites 

A subset of pri-miRNA were chosen to determine whether the number of miRNA 

binding sites was enriched compared to random. The nucleotide distribution 

and transcript length was used to generate a series of randomised sequences 

for each chosen pri-miRNA. These random sequences underwent target 

prediction using mirconstarget445 and the miRbase v20 miRNAs. Once imported 

into R Studio, the average number of miRNA binding sites across the 

randomised sequences was compared to the number of sites found in the 

original pri-miRNA sequence using the chi-squared test. This process was 

repeated for each pri-miRNA of interest. 

7.2.5 Data Analysis and Visualisation 

The distribution and mean of the number of targeted pri-miRNA per miRNA was 

compared across conservation classifications using the Wilcoxon Rank Sum 

test and the two-sample Kolmogorov-Smirnov test. Data manipulation was 

conducted using tidyverse252,449 packages, and visualisation was performed 

using ggplot2254, ggupset450, and ggpubr255. 
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7.3 Results 

7.3.1 Investigating the miRNAs and Genes Altered by miR-21 in HNSCC 

The first aim of this chapter is to predict the extent to which miR-21 alters 

miRNA expression, while taking into account the miRNA changes as a result of 

malignancy. The miRNA and mRNA datasets underwent differential expression 

based on the GLM for miR-21 alone. This was then repeated for the GLM 

combining tumour status and miR-21. Since the goal was to determine the 

specific effect of miR-21 expression on the transformation of tissue from normal 

to malignant, the results of the miR-21 GLM were merged with the miR-21 and 

tumour classification GLM. The resultant dataset enables for the investigation of 

miRNAs that are altered by miR-21 while accounting for the changes between 

normal and primary tissue. 

The changes in miRNA and mRNA expression in relation to miR-21 expression 

and tumour development are shown in Figure 7.2. From this it was observed 

that the majority of genes and miRNAs were not altered between normal (n=44) 

and tumour tissue (n=495), with relation to miR-21 expression. Many miRNAs 

were classified as non-significant in normal tissue but were significantly 

downregulated in cancer tissue, with relation to miR-21 expression. This was 

complemented by the mRNA results, where several moved from being non-

significant in normal tissue to significantly upregulated in tumour samples. 
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Figure 7.2 Classification of A) miRNAs and B) genes into groups according to 

their differential expression change between normal tissue (n=44) and 

malignant tissue (n=495), in relation to miR-21 expression. The histogram 

annotation is indicative of how many miRNAs or genes are in each category. 
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Next, it was determined whether the mRNA that exhibited a change in 

expression in the model were targeted by the dysregulated miRNAs. This would 

help to ascertain whether the differences between normal and malignant tissue 

in relation to miR-21 expression were coordinated. Based on the principle of 

negative regulation between miRNA and mRNA, the list of miRNAs that were 

upregulated with cancer development were matched against the list of 

downregulated mRNAs using the package multiMiR. The reverse was also 

conducted between the upregulated miRNAs and downregulated mRNAs. Both 

the predicted and valid interactions, according to multiMiR, are summarised in 

Table 7.1. 

Firstly, in examining the list of upregulated mRNAs it was found that only four of 

the 106 (3.7%) downregulated miRNA were valid regulators in this list of genes. 

Of the 27 targeted mRNAs, 25 were regulated by the downregulated miRNA 

(92.6%) and two were targets of miR-21 (7.4%). Only one upregulated mRNA, 

Erb-B2 Tyrosine Kinase 2 (ERBB2), was a known target in common between 

miR-21 and one of the other downregulated miRNAs, miR-375. The predicted 

targets showed a similar trend, with five of the 106 miRNAs (4.7%) matched to 

the upregulated mRNAs. There were 39 predicted targets identified, with 37 

controlled by the downregulated miRNAs (94.8%), and three targeted by miR-

21 (7.7%). Two upregulated mRNAs were targeted by both miR-21 and one or 

more downregulated miRNA. These were Protocadherin 10 (PCDH10), which 

was in common with miR-429 and miR-1269a, and Surfactant Protein B 

(SFTPB), which was in common with miR-1976.  

This process was repeated for the downregulated mRNAs and upregulated 

miRNAs. Only one of the 49 upregulated miRNA (2.04%) had a predicted target 

within the list of downregulated mRNAs. Of the five valid interactions with the 

downregulated mRNAs, two were directly with the upregulated miRNA (40%), 

and three were with miR-21 (60%). No known targets overlapped between miR-

21 and the upregulated miRNAs. However, when looking at the predicted 

interactions, three of the 49 upregulated miRNA targeted the downregulated 

mRNAs (6.1%). Of the 22 predicted interactions, 17 were directly between the 
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downregulated mRNAs and upregulated miRNAs (77.7%), and six were with 

miR-21 (27.3%). Three of the targets overlapped with those of miR-21 (13.6%); 

miR-133b with DCC Netrin 1 Receptor (DCC), and miR-206 with V-set And 

Transmembrane Domain Containing 5 (VSTM5) and Bone Morphogenic Protien 

3 (BMP3).  
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Table 7.1 Comparison of the valid and predicted interactions of the upregulated 

and downregulated mRNA with the dysregulated miRNAs.  

 Valid targets Predicted 
targets 

Upregulated mRNA and Downregulated miRNA 
number of downregulated miRNAs 
that target the upregulated mRNA 

4/106 (3.7%) 5/106 (4.7%) 

number of upregulated genes 
regulated by the downregulated 
miRNA 

25/27 (92.6%) 37/39 (94.8%) 

number of upregulated genes targeted 
by miR-21 

2/27 (7.4%) 3/39 (7.7%) 

number of shared targets between 
miR-21 and the downregulated miRNA 

1/27 (3.7%) 2/39 (5.13%) 

Downregulated mRNA and Upregulated miRNA 
number of upregulated miRNAs that 
target the downregulated mRNA 

1/49 (2.04%) 3/49 (6.1%) 

number of downregulated genes 
regulated by the upregulated miRNA 

2/5 (40%) 17/22 (77.7%) 

number of downregulated genes 
targeted by miR-21 

3/5 (60%) 6/22 (27.3%) 

number of shared targets between 
miR-21 and the upregulated miRNA 

0/5 (0%) 3/22 (13.6%) 
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The analysis with multiMiR also identified miRNAs related to disease. The 

related datasets for the upregulated and downregulated miRNAs were filtered 

for the terms ‘Oral Squamous Cell Carcinoma (OSCC)’, ‘Cancer’, and 

‘Squamous cell carcinoma, head and neck’. This filtering identified three 

downregulated miRNAs, miR-184, miR-429, and miR-9, and four upregulated 

miRNAs, let-7a, miR-133b, miR-119a, and miR-206.  

Thus, the creation of a GLM enabled the identification of miRNAs and mRNAs 

that are potentially impacted by changes in miR-21 expression and malignant 

transformation in HNSCC. This furthers the investigation into the role of miR-21 

in adjusting the miRNA and mRNA profile through miRNA:miRNA interactions 

and their cascading effect on the cellular environment. 

7.3.2 Predicting miRNA Binding Sites Within Pri-miRNA 

Previous reports of miRNA:miRNA interactions have indicated that miRNAs in 

the nucleus are capable of binding to pri-miRNA sequences to signal for their 

degradation12,204,206,208 or amplification11. Therefore the second aim of this 

chapter was to ascertain whether this form of miRNA regulation was abundant 

amongst miRNAs. To do this, the pri-miRNA sequences from Chang et al. 

(2015)107 were extracted for each of the eight cell lines, annotated by the pre-

miRNA co-ordinates in miRbase version 20, and merged by miRNA identity. 

From this process it was determined that HEK293 cells had the greatest 

number of annotated pri-miRNA at 318, and that Fibroblast cells had the lowest 

at 218 (Table 7.2). It was noted that because the annotation was based on pre-

miRNA co-ordinates, miRNAs that were part of a cluster were listed as separate 

pri-miRNA but were in fact the same sequence. For example, the members of 

the miR-17~92a cluster, miR-17, miR-18a, miR-19a, miR-19b, miR-20a, and 

miR-92a451, all had the same pri-miRNA sequence but were annotated 

separately. 
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Table 7.2 Cell lines from Chang et al. (2015)107, and their corresponding 

number of annotated pri-miRNA co-ordinates after merging with 

reduceByGene(). 

Cell Line Number of annotated pri-miRNA 
sequences 

A172 221 
A673 226 
Fibroblast 218 
HCT116 226 
HEK293 318 
HepG2 273 
MCF7 261 
NCCIT 223 
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7.3.2.1 miRNA Binding Sites were Abundant Across Annotated pri-

miRNAs 

As there were no cell lines in this dataset that were related to HNSCC, the 

analysis was continued using the HEK293 data as it is a model cell line and has 

the most annotated pri-miRNA sequences of the eight cell lines. Next, 

mirconstarget was used to determine the predicted miRNA binding sites within 

the pri-miRNAs found in HEK293 cells. The number of miRNA binding sites per 

pri-miRNA was calculated and plotted as a histogram(Figure 7.3A), which 

shows that the majority of pri-miRNAs have between 0-100 miRNA binding 

sites. TargetScan conservation classifications were used to separate the 

conserved miRNA and their pri-miRNA targets in a new dataset. The majority of 

pri-miRNA had a low number of potential binding sites for conserved miRNA 

(Figure 7.3B). Calculation of the number of miRNA binding sites in relation to 

the length of the pri-miRNA indicated an average of 6.045466 miRNA sites per 

100bp. However, the average for the conserved miRNA binding sites was 

1.020825 sites per 100bp (Figure 7.3C and 7.3D). 

It was also observed that the number of miRNA binding sites within a pri-miRNA 

was correlated with its length (R=0.88, p-value <2.2e-16) (Figure 7.4A). This 

was also the case for the pri-miRNA of the conserved miRNAs (R=0.82, p < 

2.2e-16) (Figure 7.4B). In both instances, the majority of pri-miRNAs were less 

than 2500bp in length. 

The number pri-miRNA targeted by each miRNA was stratified by conservation 

status in TargetScan to determine if miRNA conservation played a role in 

influencing pri-miRNA regulation. Of the four conservation classifications, poorly 

conserved (misannotated) miRNAs targeted the greatest number of pri-

miRNAs, while conserved miRNAs targeted the least number of pri-miRNAs 

(Figure 7.5). A statistical difference in the average number of targeted pri-

miRNAs per miRNA was observed between the highly conserved and the poorly 

conserved (misannotated) miRNAs (p=0.0262), but there was no difference in 

distribution. The remaining comparisons of average and distribution of targeted 

pri-miRNAs were non-significant.  
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Figure 7.3 The number of miRNA binding sites across the pri-miRNA strands. 

A) and B) display the raw number of sites per pri-miRNA for all miRNAs 

(n=2439) and conserved miRNAs (n=332) respectively. The number of binding 

sites per 100bp summarised for C) all miRNAs and D) conserved miRNAs. The 

number at the top of each column is the number of pri-miRNAs with that 

respective classification.  
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Figure 7.4 Correlation between the length of a pri-miRNA and its number of 

predicted miRNA binding sites for A) all miRNAs and pri-miRNAs (n=2439), and 

B) conserved miRNAs and conserved pri-miRNAs (n=332). Pearson’s 

correlation was used to test for a relationship between the number of predicted 

binding sites and the length of the pri-miRNA.
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Figure 7.5 Comparison of the number of pri-miRNA targeted by each 

classification of conservation, according to TargetScan. Highly conserved 

n=196; conserved n=136; poorly conserved (well annotated) n=282; poorly 

conserved (misannotated) n=1879.
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7.3.2.2 miRNA Binding Sites were Enriched in Selected pri-miRNAs 

To establish whether miRNA binding sites were enriched within a pri-miRNA, a 

pipeline was developed that compared the number of miRNA sites in a chosen 

pri-miRNA to random. The first step was to determine how many times the 

sequence of interest was required to be randomised in order for the result to be 

valid. For this, the sequence of the miR-17~92a host gene, MIR17HG, was 

randomised both 500 and 1000 times. The average number of miRNA sites 

across these sets of randomised sequences were compared to the number of 

sites predicted in the original sequence. From Table 7.3 there is very little to no 

difference in the average number of miRNA sites and the chi-squared statistic 

between sequence randomisation performed 500 or 1000 times. This indicates 

that 500-times randomisation of a pri-miRNA of interest is sufficient to 

determine the enrichment of miRNA binding sites compared to random. 

 

 

 

 

Table 7.3 The number of predicted miRNA sites in MIR17HG compared to the 

average number of sites across 500 or 1000 randomisations of its sequence, 

and the associated chi-squared statistics. Statistical significance is indicated by 

bold and italics  

 GRCh37 (hg19) 
Sequence 

Randomised 
Sequence 

  

Random 
pri-miRNA 

miRNA 
hits 

non-
hits 

Average 
miRNA 
hits 

Average 
non-hits 

chi-
squared 
statistic 

p-value 

MIR17HG 
(500x) 

559 1965 478.908 2097.092 9.7285 0.001814 

MIR17HG 
(1000x) 

559 1965 478.713 2097.287 9.7718 0.001772 
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Enrichment analysis was repeated for a selection of pri-miRNA, with the number 

of predicted miRNA sites ranging from 0 to 1070 (Table 7.4). Each pri-miRNA 

was randomised 500 times and the average number of miRNA sites was 

compared to that of the original pri-miRNA sequence using a chi-squared test. It 

was observed that all of the pri-miRNAs with more than 105 predicted binding 

sites had an enrichment of sites compared to random. 

This novel approach identified that miRNA binding sites are commonly found in 

pri-miRNA strands, and that above 105 sites per pri-miRNA transcript there is 

an enrichment for miRNA sites compared to random. Thus, these results 

indicate that miRNA binding sites are widely present within pri-miRNAs. 
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Table 7.4 Summary of the number of predicted miRNA sites in actual and 

randomised sequences for ten randomised pri-miRNAs, with associated chi-

squared statistics. Significant results are indicated by bold and italics. 

 
GRCh37 
(hg19) 
Sequence 

Randomised 
Sequence   

Random pri-
miRNA 

miRNA 
hits 

non-
hits 

Average 
miRNA 
hits 

Average 
non-hits 

chi-
squared 
statistic 

p-value 

hsa-mir-6084 0 2524 1.19 2574.81 0.028 0.868 

hsa-mir-3614 0 2524 2.90 2573.10 1.207 0.272 

hsa-mir-6784 0 2524 2.26 2573.74 0.676 0.411 

hsa-mir-6785 1 2523 3.21 2572.79 0.323 0.570 

hsa-mir-7107 2 2522 2.64 2573.36 0.000 1 

hsa-mir-6721 4 2520 2.49 2573.51 0.051 0.821 

hsa-mir-146a 4 2520 7.66 2568.34 0.554 0.457 

hsa-let-7i 51 2473 40.95 2535.05 1.109 0.293 

hsa-mir-27a 105 2419 71.77 2504.23 6.790 9.17E-03 

hsa-mir-31 153 2371 117.65 2458.35 5.373 0.0205 

hsa-mir-29a 204 2320 152.05 2423.95 8.997 2.70E-03 

hsa-mir-30c 248 2276 205.55 2370.45 5.139 0.0234 

hsa-mir-21 305 2219 224.24 2351.76 15.288 9.29E-05 

hsa-mir-198 335 2189 242.51 2333.49 18.517 1.68E-05 

hsa-mir-641 423 2092 284.22 2291.78 38.569 5.29E-10 

hsa-mir-19a 559 1965 478.52 2097.48 9.815 0.00173 

hsa-mir-138 1070 1454 805.53 1770.47 67.355 2.27E-16 
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7.4 Discussion 

In HNSCC and other cancers, miRNA dysregulation is pivotal to tumorigenesis 

because of the consequent disruption to tumour suppressor and oncogene 

regulation. The interaction between miRNA and their influence on downstream 

mRNA expression adds an additional layer of complexity to cellular 

homeostasis. Previous research into the global impact of miRNA regulating 

miRNA has been performed in cardiac13 and ovarian cancer cells221, however 

no such studies have been performed for HNSCC. The TCGA HNSCC dataset 

was used to create a model for miRNA expression that incorporated changes in 

the highly oncogenic miRNA, miR-21, with the aim of predicting its 

miRNA:miRNA interactions and their implications on gene regulation. In 

addition, another mode by which miRNA:miRNA interactions may occur was 

explored by predicting the presence of miRNA recognition sites within pri-

miRNA sequences. This analysis demonstrated that pri-miRNA strands are 

enriched for miRNA binding sites compared to random, which is indicative of 

wide stream miRNA regulation through this mechanism. 

7.4.1 Global miRNA:miRNA Reactions and their Consequences May be 

Predicted via GLM Analysis 

From the analysis of the miRNAs altered by miR-21 with the development of 

primary HNSCC, it was observed that a greater number of miRNAs were 

downregulated compared to upregulated. Conversely, it was noted that more 

mRNAs were upregulated compared to the number of downregulated mRNA. A 

net reduction in miRNA expression has been described across the majority of 

cancers, is associated with the dysregulation of cancer-related genes289, and 

indicative of poor differentiation288. A recent analysis of HNSCC TCGA data 

indicated that gene dysregulation is associated with cell cycle, proliferation, 

angiogenesis, and the p53 and TGFB signalling pathways, all of which are 

related to cancer progression65. Thus, the analysis of the HNSCC TCGA data 

indicates that miR-21 may aid oncogenesis through mRNA dysregulation via the 

downregulation of miRNAs. 
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In examining the upregulated targets, ERBB2 was found to be regulated by 

both miR-21 and one of the downregulated miRNAs from the model, miR-375. 

This is consistent with Chapters 3 and 5 of this thesis, which also indicated that 

miR-21 dysregulates miR-375 levels. This miRNA has been previously shown to 

be downregulated in HNSCC60, and its ratio of expression compared to miR-21 

is indicative of an advanced stage of HNSCC452. With the downregulation of 

miR-375, its target, ERBB2 is derepressed, resulting in the inactivation of the 

PI3K-Akt pathway and increased proliferation453. This has implications on miR-

21 levels, as pri-miR-21 transcription is indirectly induced by ERBB2, and its 

production results in further suppression of miR-21 targets, such as PDCD4454. 

If miR-21 does downregulate miR-375 as indicated by the model and previous 

results, it may form a positive feedback system with ERBB2 to further increase 

miR-21 expression. High levels of ERBB2 and low expression of miR-375 have 

been associated with cisplatin resistance in gastric cancers453,455. Thus 

interruption of this potential pathway via the inhibition of miR-21 may allow for 

an increase in miR-375 and progression of the cell towards a chemo-sensitive 

state. It is clear that more research is warranted into the regulation of miR-375 

by miR-21 and its implications in cancer development and chemotherapy 

resistance. 

Another downregulated miRNA, miR-429, had a shared predicted target with 

miR-21. miR-429 is part of the miR-200 family, and its downregulation is 

associated with proliferation, migration, apoptosis456, and EMT457. In HNSCC, 

miR-429 is an indicator of mortality, with a decrease in its expression linked to 

poor survival458. Lowered levels of miR-429 are associated with increased Zinc 

Finger E-Box Binding Homeobox 1 (ZEB1) and Metastasis Associated Lung 

Adenocarcinoma Transcript 1 (MALAT1) in HNSCC, both of which are 

associated with tumour progression456. Following the predictive model, high 

levels of miR-21 may induce a decrease in miR-429, resulting in the 

amplification of oncogenic changes. Therefore, this model based on the TCGA 

HNSCC dataset was able to predict the impact of miR-21 levels on miRNA and 

mRNA expression, which may be used to better comprehend the relationships 

between miRNAs and how these might contribute to carcinogenesis. 
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7.4.2 miRNA Binding Sites are Abundant in pri-miRNA 

Following from the identification of miR-21 binding sites within the miR-17~92a 

host gene, MIR17HG, the aim of this chapter was to determine if this form of 

miRNA regulation was a global phenomena. This analysis found that miRNA 

binding sites are frequent within pri-miRNA and may contribute to miRNA 

regulation to a greater extent than previously thought. Reports of miRNA that 

control pri-miRNA expression have focused on specific miRNA and conditions, 

such as miR-122 targeting pri-miR-21 in hepatocellular carcinoma206, or miR-

361 targeting pri-miR-484 under hypoxic conditions208. This is the first 

miRNAome wide analysis of miRNA sites within pri-miRNA, which indicates that 

miRNA sites are enriched within pri-miRNA strands and that miRNA-directed 

pri-miRNA regulation may occur on a broader scale. 

The results found that the number of predicted miRNA binding sites was 

correlated with the length of the pri-miRNA. This is consistent with previous 

reports concerning the canonical target for miRNAs, 3´UTR’s, as their length is 

associated with a greater number of miRNA binding sites, and a higher density 

of sites/kb459. Genes with longer 3´UTRs are generally highly conserved, and 

exhibit greater spatiotemporal patterns in expression460. Extrapolating this 

concept to pri-miRNA, it is expected that broadly conserved miRNAs would 

have longer pri-miRNA sequences, and that a greater number miRNA sites 

would be present within the pri-miRNA that show specific expression profiles, 

but further investigation is needed to confirm this claim.  

It was also found that, on average, sites for broadly conserved miRNAs were 

present in pri-miRNAs once per 100bp, but sites for all miRNAs annotated in 

miRbase v20 were present six times per 100bp. It was additionally observed 

that misannotated and poorly conserved miRNA targeted more pri-miRNAs 

compared to conserved miRNAs. It has been previously suggested that novel 

miRNAs have a wide range of targets across the genome before evolutionary 

pressure drives targets to either preserve the binding site or introduce mutations 

to avoid miRNA binding461. It may be that the poorly conserved miRNAs are 

both newly evolved and lower in expression462, and therefore the natural 
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selection of their targets has not yet been observed. An additional factor to 

consider is that more miRNAs were classified as ‘poorly conserved’ and thus 

would inherently have more targets. 

In this study, it was uncovered that pri-miRNA sequences were enriched for 

miRNA binding sites compared to randomised sequences of the same length 

and nucleotide frequency. This method of shuffling nucleotide sequences to 

compare the number and distribution of binding regions has previously been 

utilised to determine the density and frequency of miRNA or transcription factor 

binding sites356,463-465. This is the first study to apply this technique to pri-miRNA 

sequences, and to demonstrate that pri-miRNA may be under widespread 

miRNA control. If shown in vitro and in vivo, the regulation of pri-miRNAs by 

miRNAs would add to the complexity of miRNA regulation and expand their role 

beyond canonical 3´UTR binding. 

The elucidation of pri-miRNA sequences has historically been a difficult task 

due to their transient nature. The pri-miRNA genome co-ordinates used in this 

study were identified through a Drosha knockout, which resulted in the 

identification of 1291 miRNAs in miRbase v20 (69%)107. The method used in 

this chapter to identify the miRNA encoded by each pri-miRNA involved the 

overlapping of regions that encoded the same pre-miRNA. In HEK293 cells, this 

resulted in a list of 318 miRNAs, which is only 24% of the pri-miRNAs identified 

by Chang et al107. By only looking at HEK293’s, this analysis may exclude pri-

miRNA and miRNA that are exclusive to other cell lines. Since the publication of 

Chang et al. (2015), the community has moved on to use an updated miRbase 

and genome construction (miRbase v22 and Hg38), thus a revision to the co-

ordinates for pri-miRNAs would allow for more accurate and up-to-date 

prediction of their regulation by miRNA. Additionally, previous studies have 

found that pri-miRNA:miRNA interactions have resulted in increased pri-miRNA 

expression and the inhibition of Drosha due to their proximity to the 

Microprocessor docking and cleavage regions206,208. Future work in this area 

should focus on the location and proximity of potential miRNA binding sites to 
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the Microprocessor cleavage site to determine if this is the main mechanism of 

pri-miRNA inhibition or whether it is through RISC initiated degradation. 

7.4.3 Conclusions 

In conclusion, two bioinformatic methods were used to determine the extent to 

which miRNAs may regulate other miRNAs, with a particular focus on miR-21 in 

HNSCC. Firstly, the prediction model estimating the impact of miR-21 on 

miRNA and mRNA levels in HNSCC identified miR-375 and miR-429 as key 

miRNA of interest due to their implied role in tumour growth and chemotherapy 

resistance. Secondly, it was established that miRNA binding sites are enriched 

within pri-miRNA, indicative of a previously unconsidered form of miRNA 

regulation. Further exploration into these interactions is warranted, given the 

impact of these findings on fundamental miRNA regulation and their potential 

role in cancer biology.  
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8 Chapter 8 - Overall Discussion and Conclusions 

The incidence of HNSCC is increasing worldwide, thus there is a need for 

investigation into the underlying mechanisms responsible for this disease65. 

miRNA have been demonstrated to contribute to the initiation, growth and 

metastasis of many cancers, including HNSCC133. Typically, miRNAs perform 

post-transcriptional regulation75. However, miRNAs also display non-canonical 

functions, such as the capacity to regulate the expression of another miRNA in 

a miRNA:miRNA interaction13. Very little is understood about these novel 

regulatory relationships and how they contribute to disease development, 

particularly in a cancer context.  

In HNSCC, miR-21 levels have been detected at levels 3.5 times higher than 

that of normal surrounding tissue147, and has been associated with therapy 

resistance and poor prognosis159. Given the oncogenic effect of miR-21, the first 

aim of this thesis was to identify whether its overexpression initiated changes to 

miRNA expression in HNSCC. It is thought that miRNA:miRNA interactions may 

act synergistically with the upregulation of miR-21 to alter cellular pathways and 

promote cancer growth in HNSCC. The results from this analysis indicated that 

miR-92a and miR-20a were dysregulated by miR-21. Since these two miRNA 

are both part of the miR-17~92a cluster, the second aim of this study was to 

investigate the relationship between miR-21 and this miRNA cluster and the 

possible mechanisms involved. 

Several miRNA:miRNA regulatory relationship have been found to occur via the 

miRNA-directed binding of a pri-miRNA. However, no information exists as to 

whether this is a widespread phenomenon amongst pri-miRNA. Thus the third 

aim of this dissertation was to expand upon this model for direct miRNA:miRNA 

interactions by investigating the frequency and enrichment of miRNA binding 

sites within pri-miRNA. 
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8.1 Exploring the Influence of miR-21 on miRNAs 

8.1.1 miR-21 has a Cell-wide Effect on miRNA and mRNA Expression 

Several approaches were used throughout this study to identify and explore the 

miRNAs that were influenced by miR-21 in HNSCC. These included the use of 

a TaqManTM OpenArray system, miRNA sequencing analysis, and the use of 

the TCGA HNSCC miRNA dataset to create a GLM of the changes in miRNA 

and mRNA levels in relation to miR-21 expression. Although the array method 

provided a comprehensive overview of the change in miRNAs in response to 

miR-21, it was limited to 700 well-annotated miRNA. miRNA sequencing 

allowed for the detection of all miRNA currently included in miRbase, including 

those that are poorly annotated, novel, or highly tissue specific224,466. The GLM 

method, however, was based on the TCGA HNSCC patient cohort, which 

enabled the identification of miRNA:miRNA interactions with potential clinical 

relevance. Therefore, all three of these detection methods provided insight into 

different aspects of the impact of miR-21 on miRNAs in HNSCC and identified 

miRNAs for follow-up investigation. 

Across the three miRNA detection systems, it was observed that a greater 

number of miRNAs were downregulated in response to miR-21 compared to the 

number of upregulated miRNAs. Additionally, a large percentage of the 

downregulated miRNAs were identified across all three methodologies, 

including miR-375. A decrease in miRNA expression has been observed in the 

majority cancers, and has been demonstrated in HNSCC225. This has been 

shown to have consequences on the expression of oncogenes, such as MYC, 

which contribute to cancer growth289, and indicates a state of poor cell 

differentiation288. Previous KEGG analysis of commonly dysregulated miRNA 

and their target genes in HNSCC indicated enrichment of the cell cycle, p53 

signalling and transcriptional dysregulation228. Consistent with this, the KEGG 

analysis of the networks created from miRNAs upregulated and downregulated 

by miR-21 and associated targets indicated an enrichment of the p53 signalling 

and cell cycle pathways. Therefore the downregulation of miRNAs as observed 
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with the introduction of miR-21 may contribute to the activation or suppression 

of key cancer-related pathways, which demonstrates the cell-wide impact of 

miRNA:miRNA interactions. 

The creation of several networks involving miR-21 and its dysregulated miRNAs 

fulfilled two main purposes: to predict the pathways and processes responsible 

for the proposed miRNA:miRNA interactions, and to visualise the systems-wide 

changes in miRNAs and mRNAs as a response to alterations in miR-21 

expression. Previous studies pertaining to miRNA:miRNA interactions have 

frequently created networks to predict the downstream consequences of altered 

miRNA expression. In ovarian cancer cells, interaction network analysis 

identified 61 hub genes from a total of 2338 differentially expressed mRNA in 

response to miR-128 expression467. This allowed for the identification of gene 

cascades that contribute to the progression of cancer. In this thesis, the gene 

network created from the miRNAs upregulated by miR-21 and their targets 

initially contained over 2000 genes, which is suggestive of a highly complex and 

systems wide impact of miR-21 on mRNA and miRNA expression. The 

expansive effect of miR-21 alteration on a cell system was also demonstrated 

through the highly novel GLM analysis. Of the 22 downregulated genes 

predicted to be targeted by the upregulated miRNAs, only 27% were also 

targets of miR-21. This suggests that the remaining genes are downregulated 

through secondary or cascading interactions that may be initially triggered by a 

change in miR-21 expression. Overall, the use of both the GLM and network 

creation demonstrated the cascading impact of miR-21 initiated changes in 

miRNA and mRNA expression, and their collective contribution to oncogenic 

changes in HNSCC. 

8.1.2 miR-21 Regulates Specific miRNA In Vitro 

Following the use of large datasets to investigate the miRNA:miRNA 

interactions of miR-21, in vitro characterisation was used to verify the impact of 

miR-21 on three miRNAs, miR-375, miR-31 and miR-30c, across several cell 

lines. 
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The results of the OpenArray, miRNA sequencing, and in vitro experimentation 

all indicated that miR-375 expression was decreased with the introduction of 

miR-21. This change was ameliorated by the knockdown of miR-21. miR-375 is 

frequently observed to be downregulated in HNSCC and other cancers468. It is 

known to have a major role in the regulation of EMT via the targeted regulation 

of SP1468,469. It is also associated with glucose metabolism in HNSCC, as a loss 

in miR-375 results in the increased expression of its target, HNF1B, causing an 

increase in glucose consumption and elevated cell proliferation469,470. Low 

expression of miR-375 has been consistently observed in HNSCC studies287,469, 

and is significantly associated with poor overall survival, disease specific 

survival, and progression free survival287. 

Another miRNA found to be downregulated with miR-21 overexpression was 

miR-30c. This miRNA is part of the miR-30 family, which are known as tumour 

suppressor miRNA in HNSCC371. Two independent studies have shown that the 

downregulation of this miRNA family is associated with excess tobacco 

consumption371,471, which is a traditional risk factor for HNSCC. The genomic 

regions for the miR-30 family, MIR30E/C1 and MIR30E/C2, are frequently 

deleted in HNSCC tumours, resulting in the loss of their encoded miRNAs371. 

Potentially adding to its downregulation in HNSCC is the mutation of p53. The 

binding of p53 to the promoter of miR-30c induces transcription373. However, 

the mutation of this transcription factor, as frequently observed in HNSCC374, 

prevents miR-30c production and may result in chemoresistance. miR-30c is 

primarily involved in the PI3K-Akt371,472, EGFR371, STAT3371,473 and KRAS471,474 

pathways, thus lowered expression of this miRNA is linked to cell growth, 

adhesion, migration, differentiation, and invasion371.  

From the results of the OpenArray, miR-31 was upregulated in the presence of 

high miR-21. However, this was not observed in the in vitro experiments. 

Studies have found that miR-31 is elevated in several cancers, including 

HNSCC475, and has a role in invasion, metastasis, and cell proliferation476. Its 

increased expression in HNSCC has been linked to alcohol consumption, 

whereby the major component of alcohol, ethanol, activates EGFR, which 
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promotes the production of miR-31477. This is linked to HNSCC development 

through the miR-31-directed negative regulation of Sirtuin 3 (SIRT3), which 

disturbs mitochondrial processes to promote migration and invasion477. There 

are competing findings surrounding the impact of miR-31 on patient survival, 

however the majority consider high miR-31 to be associated with decreased 

overall survival and disease free survival476,478. 

Although this research did not investigate the specific mechanisms by which 

miR-21 could regulate these three miRNAs, they do share common targets or 

pathways that contribute to cancer development. As mentioned previously, miR-

375 targets SP1 to suppress EMT468,469. SP1 also induces miR-21 transcription 

by binding to its promoter479. Thus, with the loss of miR-375 in HNSCC, an 

upregulation of SP1 would result in increased miR-21 production, as well as 

promote EMT, typical of cancer cells. Similarly, the downregulation of miR-30c 

is associated with increased STAT3473, which binds to the promoter of miR-21 

to stimulate its biogenesis480. This process also induces EMT179,473, and 

contributes to the activation of the EGFR, PI3K, and MAPK cancer pathways371. 

miR-21 is known to act upon the PI3K-Akt-Mechanistic Target of Rapamycin 

Kinase (mTOR) pathway through its targeted negative regulation of PTEN, 

PDCD4, TIMP Metallopeptidase Inhibitor 1 (TIMP1) and TIMP Metallopeptidase 

Inhibitor 3 (TIMP3)481. The other miRNA investigated in this thesis, miR-31, is 

upregulated through the actions of the EGFR and Akt pathways477, which are 

activated via the downregulation of miR-30c and upregulation of miR-21. The 

dominant involvement of the EGFR pathway is also consistent with its KEGG 

enrichment within the networks of the upregulated and downregulated miRNAs. 

Therefore, the targets and pathways of miR-21, miR-375, miR-30c and miR-31 

are interconnected, and may act synergistically to initiate oncogenic changes in 

HNSCC. This also highlights the importance of examining miRNA:miRNA 

interactions in a cancer-related context, as the co-ordination of miRNA and their 

targets may well contribute to cancer progression.  
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8.2 miR-21 Potentially Regulates the miR-17~92a Cluster 

In investigating the OpenArray data, two members of the miR-17~92a family, 

miR-20a and miR-92a, were indicated to be dysregulated by miR-21. Follow-up 

in vitro experimentation and miRNA sequencing confirmed that several 

members of the miR-17~92a cluster were downregulated in the presence of 

miR-21. This was abrogated through the downregulation of miR-21 with an 

antisense oligonucleotide. This is suggestive of a highly novel miRNA:miRNA 

interaction whereby the miR-17~92a cluster is under the regulation of miR-21. 

The mechanism behind this interaction was explored under two known 

hypotheses for miRNA:miRNA regulation: the suppression of miR-17~92a 

transcription factors by miR-21; and the direct binding of miR-21 to the miR-

17~92a host gene, MIR17HG. 

The model for indirect miRNA:miRNA interactions identified SP1, MYC, CEBPB 

and STAT3 as both targets of miR-21 and transcriptional regulators of the miR-

17~92a cluster. It is suggested that an increase in miR-21 would result in the 

downregulation of either of these four transcription factors, preventing 

transcription of the miR-17~92a cluster. In this thesis, the TCGA data 

demonstrated the downregulation of all four of these transcription factors with 

the progression from normal tissue to primary and metastatic HNSCC. This 

aligns with the proposed model when considered in concert with the in vitro 

downregulation of members of the miR-17~92a family with miR-21 transfection. 

It was also interesting to note that two of the transcription factors identified 

through this analysis, SP1 and STAT3, are involved in the regulation of other 

miR-21-mediated miRNAs, miR-375468,469 and miR-30c371,473. However, the 

observation that the four transcription factors of interest were downregulated 

with cancer progression in the TCGA is in direct contradiction to their role in the 

literature. All four of the identified transcription factors are frequently amplified in 

cancer, including HNSCC, where they contribute to proliferation482-485, 

metastasis482,484, and treatment resistance429,432,437,484. Given the disparity 

between the results presented in this thesis and the scientific literature, it is 

important that this relationship modality is followed up using both bioinformatic 
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and in vitro techniques. TCGA data may be used to examine the expression of 

these four transcription factors, in addition to the miRNAs of interest, across 

tumour stages or HNSCC subsites to determine if this relationship is tissue or 

stage dependent. CRISPR-Cas9 directed deletion of the recognition regions for 

SP1, STAT3, CEBPB, or MYC within the MIR17HG promoter and subsequent 

RT-qPCR may assist in confirming whether the relationship between miR-21 

and the miR-17~92a cluster is due to miRNA-directed transcription factor 

regulation. 

The other mechanism that was explored pertained to the direct binding of miR-

21 to MIR17HG in order to suppress the miR-17~92a cluster. By using two 

target prediction algorithms, miRanda and RNAhybrid, the MIR17HG transcript 

was found to contain six distinct miR-21 recognition sequences. A recent 

investigation in Acute Myeloid Leukaemia (AML) discovered that MIR17HG 

facilitated the sponging of miR-21, resulting in the loss of miR-21-directed PTEN 

suppression and a subsequent increase in apoptosis486. Of notable difference 

between the aforementioned research and the results of thesis is the 

inconsistency between the location of the predicted binding regions for miR-21, 

which is likely due to the use of different target prediction algorithms. In 

examining the relationship between MIR17HG and patient prognosis in HNSCC 

it was observed that decreased levels were indicative of a poorer chance of 

survival. Following the mechanism indicated by Yan et al. (2022), lowered 

expression of MIR17HG would restrict the amount of miR-21 that could be 

sponged, thus more miR-21 would be available within the cell to target tumour 

suppressor genes, such as PTEN486. PTEN is frequently downregulated in 

HNSCC487,488 and has been linked to cetuximab therapy resistance489,490. The 

decreased chance of survival shown in HNSCC patients with low expression of 

MIR17HG observed in the TCGA dataset may therefore be the result of this 

mechanism. Although this thesis did not confirm the presence of the miR-21 

binding sites and their function – whether MIR17HG acts as a miRNA sponge 

for miR-21392,395 or if miR-21 binding signals for pri-miRNA degradation11,12,206 – 

there is a clear precedent for a direct binding relationship between miR-21 and 

MIR17HG486. 
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From these investigations it is evident that a relationship is present between 

miR-21 and the miR-17~92a cluster in HNSCC, even though the mechanism for 

this is currently unconfirmed. The expression of members of this cluster 

appears to be variable across HNSCC subsites. miR-17 has been described as 

upregulated in laryngeal and tongue SCC, where it was associated with 

proliferation, migration, progressive disease, and poor survival outcomes394,397. 

However the opposite appears to occur in OSCC, where lower expression of 

the miR-17~92a cluster has been correlated with advanced disease and poor 

prognosis292. Suppression of the miR-17~92a cluster has also been 

demonstrated in HPV-16 related HNSCC via the amplification of p53491,492. 

Therefore investigation into subsite-specific and HPV-specific changes in the 

miR-17~92a cluster in response miR-21 may assist in determining which of the 

two suggested mechanisms is responsible and whether this differs with tumour 

origin. Overall, the finding that miR-21 influences the expression of the miR-

17~92a cluster in HNSCC is highly novel, but requires further examination to 

clarify the biological mechanism responsible and the implications on 

tumorigenic processes. 

8.3 Nuclear miRNA may Act to Regulate pri-miRNA in the Nucleus 

This thesis was focused on uncovering different aspects of miRNA:miRNA 

interactions and how they might occur within a cellular system. One major 

mechanism for miRNA:miRNA interactions is the migration of miRNA into the 

nucleus to perform target-directed suppression of pri-miRNA11,12. This has been 

previously shown to occur on a one-to-one level, where a single miRNA binding 

site was examined within one pri-miRNA. The prediction of several potential 

miR-21 recognition regions within MIR17HG also indicated that miRNA may act 

on pri-miRNA to modulate the miRNAome. Therefore, this notion was expanded 

upon by determining the presence and frequency of miRNA recognition sites 

within pri-miRNAs. It was found that, similar to their interaction with 3´UTRs459, 

several miRNA target sites may be present within a single pri-miRNA sequence, 

and that conversely, a miRNA may bind to many different pri-miRNA strands. 

Also present was an enrichment of miRNA binding sites compared to random 
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once above 105 sites per pri-miRNA. These findings suggest that miRNAs may 

have an additional, undervalued function beyond their canonical role of 

regulating mRNA 3´UTRs.  

It is increasingly evident that miRNA have roles outside that of targeting the 

3´UTR of mRNAs for degradation or suppression. The nuclear presence of 

miRNA is considered non-canonical, and yet, more than half of known miRNA 

have been shown to be present in both cellular compartments141, including miR-

2192. The enrichment of miRNA binding sites within pri-miRNA, as 

demonstrated in this thesis, suggests that nuclear miRNA may have an 

additional function in fine-tuning miRNA biogenesis. Recently it was found that 

the nuclear and cytoplasmic distribution and enrichment of miRNA was altered 

in response to hypoxic conditions493. Given the predicted presence of miRNA 

sites within pri-miRNA, changes to the cellular miRNA landscape in response to 

hypoxia or other pathophysiological conditions may impact miRNA-directed 

targeting of pri-miRNA. Thus, the verification of widespread targeting of pri-

miRNAs by miRNAs would not only fundamentally change the canonical role of 

miRNA, but also could be used to broaden the understanding of complex 

physiological conditions. 

8.4 Considerations in Investigating miRNA:miRNA Interactions 

There are very few studies that focus on the systems biology response to the 

overexpression of a miRNA. Several aspects of miRNA:miRNA interactions and 

their experimental investigation are still unknown. Addressing these issues will 

ensure that future findings pertaining to miRNA:miRNA interactions are 

representative of the miRNA dynamics occurring within the cell system. 

This thesis investigated several mechanisms for the regulation of miRNA by 

miR-21, including the direct binding of a pri-miRNA strand and the control of 

relevant transcription factors. However, newly published research has 

uncovered other potential forms of miRNA:miRNA regulation that should also be 

considered in future studies. The first of these is the influence of miRNAs on the 

activation or deactivation of promoters for intronic or exonic miRNAs. In the 
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nucleus, miRNA have been demonstrated to target non-coding antisense494 and 

promoter regions to induce the activation495 or silencing496,497 of genes. 

Additionally, AGO has been recently shown to bind to intronic regions to induce 

alternative splicing384. Given that miRNAs are encoded within both introns498 

and exons499, the manipulation of gene transcription via miRNA-mediated 

silencing or activation may impact the production of the encoded miRNA. 

Another study found that when one miRNA binds to its complementary site 

within a 3´UTR, it triggers an increase in the expression of the miRNAs that also 

have recognition sites within that same 3´UTR377. These miRNA go on to 

perform additional targeted gene regulation, which in turn triggers the 

expression of further miRNAs, thus creating a cascade of miRNA expression 

changes377. Via this mechanism, changes to the levels of the initial miRNA, 

such as in cancer, may impact the activation of downstream miRNA and would 

therefore have an amplified effect on gene regulation. These two processes add 

more layers of complexity to miRNA regulation and need to be considered in 

concert with other known mechanisms for miRNA:miRNA interactions to better 

comprehend the cellular role of miRNA. 

Several queries surrounding miRNA:miRNA interactions are still yet to be 

addressed. It has been previously suggested that there exists a single ‘master 

regulator’ miRNA or a group of miRNAs that coordinate miRNA:miRNA 

interactions to collectively heighten the cellular response to a 

stimulus12,222,223,236. However, the master regulator miRNA are currently 

unknown in the majority of disease contexts. The question remains then: which 

miRNA are acting as master regulators? Also, does this include miR-21, as 

explored in this thesis? The use of bioinformatic network analysis, such as that 

previously used to identify miR-1 as a potential co-ordinating miRNA in prostate 

cancer236, may assist in answering these questions but should be followed by in 

vitro verification. Additional research should also be conducted to determine 

whether miRNA:miRNA interactions are altered by the miRNA dysregulation 

events of chromosomal deletion or amplification, or the introduction of 

mutations500. This will assist in establishing the difference between homeostatic 

and potentially malignant miRNA:miRNA regulatory interactions. Answering 
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these questions will expand upon the knowledge of miRNA:miRNA interactions 

and their mechanisms. 

An experimental aspect of this project to consider is whether the amount of 

miR-21 added during transfection is equivalent to the extent to which miR-21 is 

elevated in a cancer patient. Differences were observed in the fold change of 

miR-21 between the two different miRNA detection methods. RT-qPCR 

indicated a greater than 100-fold increase in miR-21 in transfected cells 

compared to the scramble control, but the same comparison in the miRNA 

sequencing results suggested a fold change of approximately 16-fold. These 

measurements are both higher than the documented 3.5-fold change in miR-21 

in the literature147. This highlights the issue of how miRNA:miRNA interactions 

may be investigated in a biologically-relevant manner. Overexpression studies 

highly alter the cellular miRNA profile by saturating available Ago2 to the extent 

that endogenous miRNAs are downregulated, followed by the upregulation of 

their endogenous targets244. Also, the level of a miRNA detected by qPCR after 

total RNA extraction is misrepresentative of the amount that is actively 

participating in gene regulation, as it does not distinguish between AGO-bound 

and unbound miRNA molecules332. One way of ameliorating this is by 

conducting Ago-cross-linking immunoprecipitation (CLIP) before downstream 

RT-qPCR analysis, as this will select for miRNAs that are bound within RISC332. 

This may also be applied in conjunction with cellular fractionation and miRNA 

sequencing to identify where miRNA are acting within a cell. An alternative to 

miRNA transfection is the implementation of a CRISPR-Cas9 knockout 

approach, followed by Ago-CLIP and RT-qPCR. This removes the need for an 

antisense oligonucleotide, which is known to interfere with the RT-qPCR 

reaction332. However, it is suggested that initial experiments and exploratory 

bioinformatics are still conducted before deciding on a miRNA target for 

CRISPR-Cas9 deletion. Adaption of these techniques will allow for a more 

biologically accurate exploration of miRNA:miRNA interactions and their 

consequences in cancer. 
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8.5 Clinical Applications of miRNA:miRNA Interactions in HNSCC 

It was established throughout this thesis that miRNA may act in a concerted 

manner through miRNA:miRNA interactions to amplify tumorigenic signals in 

HNSCC. The elucidation of miRNA:miRNA regulation networks and the 

consequences of miRNA dysregulation in HNSCC would highly complement 

current research into therapeutic targets and biomarkers for this disease and 

others. 

In relation to cancer therapy, an understanding of miRNA:miRNA interactions 

may assist in identifying target genes or miRNAs. This has been previously 

explored in the context of cardiac stress, where modulation of the miR-34 family 

was demonstrated to regulate both direct gene targets and secondary miRNAs. 

These miRNAs were shown to act in a pathological or cardioprotective 

manner223. The addition of an anti-miR-34 inhibitor to a mouse model of cardiac 

hypertrophy restored the expression of cardioprotective miRNAs while also 

attenuating the pathological miRNAs, and brought miRNA expression closer to 

normal homeostatic levels223. To date, anti-miR-34 therapy is the only miRNA-

based treatment that has progressed to Phase I trials. However, this trial was 

terminated due to immune-related toxicities501. In relation to miR-21, research 

conducted across several disease models, such as kidney502 and cardiac 

fibrosis503, glioblastoma504 and hepatocellular carcinoma505, have shown that 

anti-miR-21 treatment reduced growth, increased apoptosis, and activated the 

immune system to target the tumour. Anti-miRNA therapies have been 

suggested for HNSCC but have not yet been developed. Applying an approach 

similar to that used for miR-34, further investigation of miRNA:miRNA 

interactions and their networks would potentially address the current challenges 

of miRNA-based therapies. In particular, the elucidation of miRNA:miRNA 

regulatory pathways may assist in the accurate prediction of candidate miRNA 

for targeted anti-miRNA therapies and the estimation of subsequent off-target 

effects506.  
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This thesis utilised the HNSCC TCGA dataset to examine the relationship of the 

dysregulated miRNAs with clinical outcomes, specifically overall patient 

survival. It was found that a combined score of miR-21 with one of the 

downregulated miRNAs, miR-92a, was indicative of poor survival. This suggests 

that investigation into miRNA:miRNA interactions may identify miRNA of 

prognostic or diagnostic relevance. Many miRNA have been evaluated for their 

potential to be biomarkers for prognosis and therapy resistance in HNSCC354. It 

has been shown that a panel of miRNAs in combination with clinicopathological 

variables is more accurate as a clinical tool compared to a single miRNA507. The 

miRNAs included in a biomarker panel may be used to indicate cancer 

pathways that have direct translational relevance to clinical strategies516. As an 

example, a panel composed of four miRNAs, miR-1, miR-9, miR-133a and miR-

150, was found to be indicative of recurrent HNSCC and the involvement of the 

SP1 and TGFB pathways, which can be targeted using current inhibitor 

therapies183. Therefore, further exploration into miRNA:miRNA interactions may 

reveal a number of miRNA that are related to cancer related pathways and that 

provide information as to the targetable molecular characteristics of the tumour. 

This could be applied not only to HNSCC but to other malignancies, once the 

relevant miRNA:miRNA relationships are identified. 
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8.6 Conclusions 

Overall, this thesis took a systems wide approach to the exploration of the 

potential miRNA:miRNA interactions of miR-21 in the context of HNSCC. 

Through a combination of bioinformatic and in vitro techniques, miR-375 and 

miR-30c were both identified to be downregulated in response to elevated miR-

21. This is the first study to link the expression of these miRNAs to that of miR-

21, particularly in a manner that is consistent with their known role in HNSCC as 

tumour suppressor miRNAs. It is suggested that the downregulation of these 

two miRNA acts in concert with high levels of miR-21 to dysregulate a broader 

range of biological processes and propel the cell towards an oncogenic 

phenotype. 

Additionally, the in vitro results indicated that several members of the miR-

17~92a cluster were downregulated with the overexpression of miR-21. In the 

process of investigating two potential mechanisms for this relationship, it was 

found that the miR-17~92a cluster host gene, MIR17HG, contained several 

predicted binding sites for miR-21. Although further experimental verification is 

required to confirm this regulatory relationship, these findings have implications 

not only in HNSCC but other cancers that exhibit dysregulation of this miRNA 

cluster. 

Lastly, a highly novel approach was used to evaluate pri-miRNA sequences for 

miRNA recognition regions. This demonstrated that miRNA-mediated control of 

pri-miRNA may perhaps be a more common occurrence than previously 

considered. Given that miRNA are present and active in the nucleus, this 

analysis suggests an additional modality for miRNA regulation, which, if altered, 

may have implications on cancer development and progression. 

Cumulatively, it is evident that miRNA:miRNA interactions have a broad role in 

HNSCC. Further research into these regulatory relationships would be 

advantageous to the development of novel therapeutics, as networks of 

miRNAs and their interactions could be used to identify potentially detrimental 

off-target effects. Through this investigation it is now apparent that miRNA may 
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have an additional role in controlling miRNA production, which expands upon 

the canonical functions of these small but mighty regulators. 
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Appendix 

1. Heatmaps of miRNA Expression within the OpenArray 

The following figures are associated with the exploration into the miRNAs that 

are dysregulated by miR-21 or miR-499 in UMSCC22B cells. 

 

 

Figure A1.1 Heatmap of the raw Ct values of the miRNAs detected across the 

non-transfected, miR-21 and miR-499 transfected cells. Right hand axis shows 

the miRNAs as a numbered list, and the left hand side shows the hierarchical 

clustering of the Ct values. 
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Figure A1.2 Heatmap of the fold change of all downregulated miRNAs with 

miR-21 and miR-499 overexpression. Right had side lists the miRNAs, while the 

left hand side shows their hierarchical clustering.  
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2. Stages of Network Creation 

2.1. miR-21 

 

Figure A2.1 A gene:miRNA network integrating miR-21 and its upregulated 

miRNAs with their respective target genes, and their direct neighbours. In this 

network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. 
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Figure A2.2 A gene:miRNA network integrating miR-21 and its upregulated 

miRNAs with their respective target genes, as filtered by selecting TFs and their 

direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 

  



 

 310 

 

Figure A2.3 A gene:miRNA network integrating miR-21 and its upregulated 

miRNAs with their respective target genes, filtered by selecting ONC’s and their 

direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.4 A gene:miRNA network integrating miR-21 and its upregulated 

miRNAs with their respective target genes, filtered by selecting TSG’s and their 

direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.5 A gene:miRNA network integrating miR-21 and its downregulated 

miRNAs with their respective target genes, and their direct neighbours. In this 

network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. 
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Figure A2.6 A gene:miRNA network integrating miR-21 and its downregulated 

miRNAs with their respective target genes, as filtered by selecting TFs and their 

direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.7 A gene:miRNA network integrating miR-21 and its downregulated 

miRNAs with their respective target genes, as filtered by selecting ONCs and 

their direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.8 A gene:miRNA network integrating miR-21 and its downregulated 

miRNAs with their respective target genes, as filtered by selecting TSGs and 

their direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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2.2. miR-499 

Figure A2.9 A gene:miRNA network integrating miR-499 and its upregulated 

miRNAs with their respective target genes, and their direct neighbours. In this 

network, miRNA, transcription factors, tumour suppressor genes and 

oncogenes are represented with purple, blue, magenta and yellow respectively. 

The size of the node is indicative of the number of connecting edges. 
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Figure A2.10 A gene:miRNA network integrating miR-499 and its upregulated 

miRNAs with their respective target genes, as filtered by selecting TFs and their 

direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.11 A gene:miRNA network integrating miR-499 and its upregulated 

miRNAs with their respective target genes, as filtered by selecting ONCs and 

their direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 
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Figure A2.12 A gene:miRNA network integrating miR-499 and its upregulated 

miRNAs with their respective target genes, as filtered by selecting TSGs and 

their direct neighbours. In this network, miRNA, transcription factors, tumour 

suppressor genes and oncogenes are represented with purple, blue, magenta 

and yellow respectively. The size of the node is indicative of the number of 

connecting edges. 

 



 

 320 

 

Figure A2.13 A gene:miRNA network integrating miR-499 and its 

downregulated miRNAs with their respective target genes, and their direct 

neighbours. In this network, miRNA, transcription factors, tumour suppressor 

genes and oncogenes are represented with purple, blue, magenta and yellow 

respectively. The size of the node is indicative of the number of connecting 

edges. 
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Figure A2.14 A gene:miRNA network integrating miR-499 and its 

downregulated miRNAs with their respective target genes, as filtered by 

selecting TFs and their direct neighbours. In this network, miRNA, transcription 

factors, tumour suppressor genes and oncogenes are represented with purple, 

blue, magenta and yellow respectively. The size of the node is indicative of the 

number of connecting edges. 
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Figure A2.15 A gene:miRNA network integrating miR-499 and its 

downregulated miRNAs with their respective target genes, as filtered by 

selecting ONCs and their direct neighbours. In this network, miRNA, 

transcription factors, tumour suppressor genes and oncogenes are represented 

with purple, blue, magenta and yellow respectively. The size of the node is 

indicative of the number of connecting edges. 
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Figure A2.16 A gene:miRNA network integrating miR-499 and its 

downregulated miRNAs with their respective target genes, as filtered by 

selecting TSGs and their direct neighbours. In this network, miRNA, 

transcription factors, tumour suppressor genes and oncogenes are represented 

with purple, blue, magenta and yellow respectively. The size of the node is 

indicative of the number of connecting edges. 
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3. Network Statistics for miR-499 and its Dysregulated miRNAs 

 

 

Figure A3.1 Visualisation of the degree of miRNAs that are A) upregulated and 

B) downregulated with miR-499. Each point is coloured and numbered 

according to the respective betweenness centrality for the miRNA. The colour 

scale for the betweenness centrality is shown on the left of each graph.  
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Table A3.1 GO of the genes associated with miR-499 and its upregulated 

miRNAs. 

GO-ID Description p-value 
44424 intracellular part 5.65E-21 
5622 intracellular 4.71E-20 
31323 regulation of cellular metabolic process 2.01E-19 
43227 membrane-bounded organelle 7.05E-19 
43231 intracellular membrane-bounded organelle 8.68E-19 
60255 regulation of macromolecule metabolic 

process 
1.97E-18 

43229 intracellular organelle 2.28E-18 
43226 organelle 3.93E-18 
5634 nucleus 1.54E-17 
19222 regulation of metabolic process 1.62E-17 
10468 regulation of gene expression 5.76E-17 
10556 regulation of macromolecule biosynthetic 

process 
6.00E-17 

50794 regulation of cellular process 6.62E-17 
31326 regulation of cellular biosynthetic process 5.07E-16 
80090 regulation of primary metabolic process 1.73E-15 
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Figure A3.2 Visual summary of GO terms of the genes associated with miR-

499 and its upregulated miRNAs. 
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Table A3.2 GO of the targets of miR-499 and its associated downregulated 

miRNAs. 

GO ID Description p-value 
44424 intracellular part 5.09E-95 
5622 intracellular 4.52E-90 
43229 intracellular organelle 1.04E-80 
43226 organelle 2.86E-80 
43227 membrane-bounded organelle 3.39E-76 
43231 intracellular membrane-bounded organelle 1.29E-75 
5515 protein binding 7.30E-64 
5634 nucleus 3.21E-57 
44446 intracellular organelle part 3.13E-50 
44422 organelle part 5.13E-50 
5737 cytoplasm 2.14E-49 
44260 cellular macromolecule metabolic process 2.03E-46 
5488 binding 3.54E-41 
44428 nuclear part 4.27E-40 
44237 cellular metabolic process 6.66E-38 
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Figure A3.3 Visual representation of GO terms of the targets of miR-499 and its 

associated downregulated miRNAs. 
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Table A3.3 Top KEGG terms for the genes associated with miR-499 and its 

upregulated miRNAs. 

Enrichment FDR Genes in 
list 

Total genes Functional Category 

1.05E-08 72 523 Pathways in cancer 
0.00011397 40 295 MAPK signalling pathway 
0.00011397 17 72 P53 signalling pathway 
0.00013302 16 69 Renal cell carcinoma 
0.00013302 25 146 Breast cancer 
0.00014178 19 95 Endocrine resistance 
0.00031977 24 148 Gastric cancer 
0.00035373 24 150 MicroRNAs in cancer 
0.00036268 17 86 Colorectal cancer 
0.00060748 25 167 Hepatocellular carcinoma 
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Figure A3.4 Visualisation of the genes associated with the miR-499 

upregulated miRNAs involved in the ‘pathways in cancer’ KEGG term.  
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Table A3.4 Enriched KEGG terms for the targets of miR-499 and its associated 

downregulated miRNAs. 

Enrichmen
t FDR 

Genes 
in list 

Total 
genes 

Functional Category 

5.07E-13 133 523 Pathways in cancer 
3.66E-12 67 200 Viral carcinogenesis 
7.26E-12 55 150 MicroRNAs in cancer 
5.18E-11 49 131 FoxO signalling pathway 
1.48E-09 34 79 EGFR tyrosine kinase inhibitor resistance 
2.61E-09 52 159 Cellular senescence 
5.33E-09 32 75 Pancreatic cancer 
6.49E-09 68 243 Endocytosis 
1.33E-08 34 86 Colorectal cancer 
1.36E-08 37 99 AGE-RAGE signalling pathway in diabetic 

complications 
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Figure A3.5 Visualisation of the genes in the ‘pathways in cancer’ KEGG term 

associated with miR-499 and its downregulated miRNAs.  
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4. Additional Network Statistics for miR-21 and its Dysregulated 

miRNAs 
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Figure A4 1 Visualisation of the genes in the ‘pathways in cancer’ KEGG term 

associated with miR-21 and its upregulated miRNAs. 
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Figure A4.2 Visualisation of the genes in the ‘pathways in cancer’ KEGG term 

associated with miR-21 and its upregulated miRNAs.  
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5. Maximal Clique Centrality 

The Maximal Clique Centrality (MCC) statistic was calculated using the 

Cytoscape plug-in, CytoHubba. The MCC enables for the identification of 

influential and central nodes within a network. This analysis was conducted on 

the networks containing both the upregulated and downregulated miRNAs with 

miR-21 (Table A5.1 and Table A5.2), and their filtered subnetworks Table A5.3 

and Table A5.4). 
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Table A5.1 Top most nodes by MCC statistic within the network of miR-21, its 

upregulated miRNAs, and their target genes. 

name MCC targeted by 
miR-100 

targeted by 
miR-21 

other targeting 
miRs 

miR-100-5p 1.39E+10 nil yes nil 
RPL5 1.39E+10 yes no nil 
RPS8 1.39E+10 yes no nil 
RPL21 1.39E+10 yes no nil 
rps15a 1.39E+10 yes no nil 
RPL15 1.38E+10 yes no miR-20a, miR-590 
RPL31 1.38E+10 yes no nil 
RPL7 1.37E+10 yes no nil 
RPL14 1.36E+10 yes no nil 
RPL7A 1.35E+10 yes no nil 

 

 

Table A5.2 Top most nodes by MCC statistic within the network of miR-21, its 

downregulated miRNAs, and their target genes. 

name MCC targeted by 
miR-92a 

targeted by 
miR-21 

other targeting 
miRs 

miR-92a-3p 9.22E+13 nil yes nil 
RPS5 9.22E+13 yes no nil 
RPS10 9.22E+13 yes no nil 
rps15a 9.22E+13 yes no nil 
RPL7A 9.22E+13 yes no nil 
RPL18A 9.22E+13 yes no miR-652 
RPL11 9.22E+13 yes no nil 
RPS25 9.22E+13 yes no nil 
RPLP1 9.22E+13 yes no nil 
RPS14 9.22E+13 yes no nil 
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Table A5.3 Top most nodes by MCC statistic within the network of miR-21, its 

upregulated miRNAs, and their target genes, separated by the filtering 

parameters. 

 name MCC targeted 
by miR-
100 

targeted 
by miR-
21 

other 
targeting 
miRs 

miR-21 
upregulated
, TF filter 

miR-100-5p 4.11E+07 nil yes nil 
RPL5 4.11E+07 yes no nil 
RPS8 4.11E+07 yes no nil 
rps15a 4.11E+07 yes no nil 
RPL10A 4.11E+07 yes no nil 
RPL19 4.11E+07 yes no nil 
RPL14 4.11E+07 yes no nil 
ESR1 4.10E+07 yes no nil 
RPL21 4.04E+07 yes no nil 
RPL7 4.04E+07 yes no nil 

miR-21 TSG 
filter 

miR-100-5p 1.39E+10 nil yes nil 
RPL5 1.39E+10 yes no nil 
RPS8 1.39E+10 yes no nil 
RPL21 1.39E+10 yes no nil 
rps15a 1.39E+10 yes no nil 
RPL15 1.38E+10 yes no miR-20a, 

miR-590 
RPL31 1.38E+10 yes no nil 
RPL7 1.37E+10 yes no nil 
RPL14 1.36E+10 yes no nil 
RPL7A 1.35E+10 yes no nil 

miR-21 
ONC filter 

miR-100-5p 1.60E+08 nil nil nil 
RPS8 1.60E+08 yes no nil 
RPL5 1.60E+08 yes no nil 
RPL21 1.60E+08 yes no nil 
rps15a 1.60E+08 yes no nil 

RPL15 1.60E+08 yes no 
miR-20a, 
miR-590 

RPL31 1.60E+08 yes no nil 
EEF1A1 1.60E+08 yes no nil 
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RPLP1 1.60E+08 yes no nil 
RPL10A 1.20E+08 yes no nil 

miR-21 
TF/TSG/ON
C filter 

miR-21-5p 1056 nil nil nil 
SP1 750 no yes nil 
RB1 648 yes yes nil 
SMARCA4 486 no yes nil 
BRCA1 404 no yes nil 
STAT3 320 no yes miR-340 
CEBPB 302 no yes nil 
HIF1A 270 no yes nil 
E2F1 242 no yes nil 
SKP2 162 no yes miR-340 
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Table A5.4 Top most nodes by MCC statistic within the network of miR-21, its 

downregulated miRNAs, and their target genes, separated by the filtering 

parameters. 

 name MCC targeted 
by miR-
100 

targeted 
by miR-
21 

other 
targeting 
miRs 

miR-21 
downregulated
, TF filter 

miR-92a-3p 1.26E+10 nil yes nil 
RPS8 1.26E+10 yes no nil 
RPL15 1.26E+10 yes no nil 
RPL11 1.26E+10 yes no nil 
RPL7A 1.26E+10 yes no nil 
RPL9 1.26E+10 yes no nil 
rps23 1.26E+10 yes no nil 
RPL24 1.26E+10 yes no miR-150 
rps15a 1.26E+10 yes no nil 
RPL3 1.26E+10 yes no nil 

miR-21 TSG 
filter 

miR-92a-3p 9.22E+13 nil yes nil 
RPS5 9.22E+13 yes no nil 
RPS10 9.22E+13 yes no nil 
rps15a 9.22E+13 yes no nil 
RPL7A 9.22E+13 yes no nil 
RPL18A 9.22E+13 yes no miR-652 
RPL11 9.22E+13 yes no nil 
RPS25 9.22E+13 yes no nil 
RPLP1 9.22E+13 yes no nil 
RPS14 9.22E+13 yes no nil 

miR-21 ONC 
filter 

RPL27 9.22E+13 yes no miR-652 
RPS8 9.22E+13 yes no nil 
RPS15 9.22E+13 yes no nil 
RPL13A 9.22E+13 yes no nil 
RPL3 9.22E+13 yes no nil 
RPL23 9.22E+13 yes no miR-20b 
RPS24 9.22E+13 yes no miR-150 
RPL8 9.22E+13 yes no nil 
RPL22 9.22E+13 yes no nil 
RPS3A 9.22E+13 yes no nil 
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miR-21 
TF/TSG/ONC 
filter 

miR-92a-3p 9628 nil yes nil 
HDAC1 6486 yes no nil 
HDAC2 4914 yes no nil 
RBBP7 3128 yes no miR-20b 
miR-21-5p 2756 nil nil nil 
SIN3A 2684 yes no nil 

RB1 2388 no yes 
miR-20b, 
miR-215 

BRCA1 2324 no yes 
miR-20b, 
miR-215 

MYC 2262 yes yes miR-375 

SP1 2238 no yes 
miR-150, 
miR-375 
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