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Overview

Cancer, as the second cause of death worldwide, requires further understanding of
its mechanism to improve patient survival and quality of life. MicroRNAs are important
regulators of translation and play major roles in normal cellular functions as well as
cancer pathobiology. The broad aim of my study was to provide new insight into
microRNA-mediated gene regulation in cancer. Although miRNAs account for the post-
transcriptional regulation of more than 60% of human protein-coding genes, this work is
mainly focused on two molecular pathways: the p53 signalling pathway and the androgen
receptor signalling pathway, each of which have been shown to be strongly connected to

tumorigenesis.

p53, a transcription factor that participates in multiple cellular functions, is
considered the most important tumour suppressor and is mutated in ~50% of cancers.
Previous evidence suggests that post-transcriptional deregulation of p53 by microRNAs
contributes to tumorigenesis, tumour progression and therapeutic resistance. We found
that the microRNA miR-766 was aberrantly expressed in breast cancer, and that over-
expression of miR-766 caused accumulation of wild-type p53 protein in multiple cancer
cell lines. Supporting its role in the p53 signalling pathway, miR-766 decreased cell
proliferation and colony formation in several cancer cell lines, and cell cycle analyses
revealed that miR-766 causes G2 arrest. At a mechanistic level, we demonstrate that miR-
766 enhances p53 signalling by directly targeting MDM4, an oncogene and negative
regulator of p53. Analysis of clinical genomic data from multiple cancer types supports
the relevance of miR-766 in p53 signalling. Collectively, our study demonstrates that

miR-766 can function as a novel tumour suppressor by enhancing p53 signalling.



Moreover, we have reported miR-9 as a novel miRNA that specifically down-
regulates the expression of misssense p53 R248Q and R273H in multiple cell lines, while
the wild-type p53 is upregulated and other p53 mutations are unaffected. We also
identified a potential binding site within TP53 ORF. A few potential mechanisms behind
this unique observation are discussed. This part of my work provides novel evidence in
the miRNA-mediated mutant p53 regulation and discusses the weakness of current

miRNA target study.

Androgen receptor (AR) is a transcription factor that is the key driver of prostate
cancer growth and progression. As such, AR and its downstream pathways are a critical
target for prostate cancer treatment. MiRNAs participate in the regulation of these
pathways by targeting AR itself or downstream genes. In our study, we identified miR-
375 as a direct negative regulator of androgen receptor and its signalling pathways. Over-
expression of miR-375 results in down-regulation of AR protein and mRNA levels and
AR target genes FKBP51 and KLK3, accompanied by growth inhibition of prostate
cancer cells. Over-expression of AR rescued the effect of miR-375 over expression.
Interestingly, AR binds the promoter region of the MIR375 gene and upregulates its
expression. Thus, my work identifies a new feedback loop that balances the endogenous

level of AR and miR-375 in prostate cells.

Overall, this work provides further understanding of how miRNAs regulate

important gene pathways in different cancers.
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Chapter 1. Introduction
1.1. What is cancer?
1.1.1. Definition of cancer

Cancer, the emperor of all maladies, is a collection of diseases in which altered
cells exhibit uncontrolled growth and the potential to spread to other parts of the body.
To distinguish malignant cells from normal cells, ten key characteristics have been used
to describe the aberrant growth and invasive behavior of cancer cells [1]. These
“hallmarks of cancer” are: sustaining proliferative signalling, resistance to growth
repression, avoidance of apoptosis, enabled replicative immortality, evading immune
destruction, tumour-inducing inflammation, promoted angiogenesis, activation of
invasion and metastasis, deregulation of cellular metabolism and genome

instability/mutation [1] (Figure 1.1).

Sustaining Evading
proliferative growth
signaling sSuppressors

Deregulating Avoiding

cellular immune
i destruction

Resisting Enabling
cell replicative
death immortality
Genome Tumo_r-
instability & promoting
mutation inflammation
Inducing Activating
angiogenesis invasion &
metastasis

Figure 1.1. Hallmarks of cancer [1].
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In general, cancers are named for the originating organ or tissue, and can be divided
into categories based on the originating cell type. The major categories of cancer by cell
types include carcinoma, sarcoma, leukemia, lymphoma, multiple myeloma, melanoma,
brain and spinal cord tumours, germ cell tumours, neuroendocrine tumours, and carcinoid
tumours [2]. Carcinoma is the most common type of cancer in humans, originating from
epithelial cells, and can be further divided into adenocarcinoma, basal cell carcinoma,
squamous cell carcinoma and transitional cell carcinoma. Sarcoma is a type of cancer
that forms in soft tissues and bones. Leukemia, lymphoma and multiple myeloma are all
cancers that originate from cells of the bone marrow and blood. Brain and spinal cord
tumours are a group of cancers that originate from neurons or neuroglia cells. The other
major cancer types (melanoma, germ cell tumours, neuroendocrine tumours, and

carcinoid tumours) are defined by their origin from a specific cell type.

1.1.2. Cancer development

The origin of cancer is a complex process that is primarily driven by genetic
alterations, which can be either inherited or somatic. Somatic mutations can arise from
environmental factors such as exposure to radiation, tobacco smoking or alcohol. Other
lifestyle factors can also play a role with obesity, diet and lack of physical exercise being
implicated [3]. Certain viruses are also linked to oncogenesis [4]. For example, Epstein—
Barr virus (EBV) is a member of the herpes family, and is associated with Hodgkin's
lymphoma [5], Burkitt's lymphoma [6], gastric cancer [7] and nasopharyngeal carcinoma
[8]. Hepatitis B virus (HBV) is the cause of hepatitis B, and also strongly related to the

development of hepatocellular carcinoma [9]. Localized chronic irritation also
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potentially contributes to oncogenesis by inducing hyperplasia, which may develop into

dysplasia and if not treated, subsequently cancer [10].

Oncogenesis in humans is a multistep process which varies between different
cancer types, but normally share similar core key pathological steps. This process
normally begins with certain lesions of certain cancer-relevant genes, such as mutation,
chromosome translocation, loss of heterozygosity and other dysregulations of tumour
suppressors (i.e. TP53 and PTEN) and proto-oncogenes (i.e. RAS and MDM2) (will be
further discussed in section 1.2). Following the occurrence of the initial genetic lesions
in normal cells, additional pre-malignant genetic events are required before the cells

evolve into invasive cancer.

For example, in epithelial malignancies, initial genetic changes accelerate
proliferation allowing otherwise normal appearing cells to form a fast growing tissue
(hyperplasia). Second, as genetic lesions accumulate, the cells in the fast growing tissue
start to present an aberrant appearance and disturb normal tissue organisation, i.e.
hyperplasia develops into dysplasia. This step is a serious condition but not yet
malignant, and does not necessarily need treatment. In the next step, additional genome
alterations lead to further disruption of tissue structure. This is termed carcinoma in situ,
where cells are malignant but infiltration is retained within the original abnormal tissue.
Carcinoma in situ frequently progresses to invasive cancer and usually requires

treatment[11] (Figure 1.2).
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Invasive
In Sltu cancer

Cell with cancer
mutation Dysp‘l'asia

Hyperplasia

Figure 1. 2. Progression of cancer. Image obtained from internet, accessed on
25 August 2017

(Source: http://www.ndhealthfacts.org/wiki/Oncology %28Cancer%z29).

If carcinoma in situ is not treated a malignant tumour may form in the original
organ as primary cancer. The primary tumour typically grows in an uncontrolled manner
and angiogenesis, the formation of new blood vessels, is promoted. The induced
angiogenesis promotes the transport of oxygen and energy and the export of metabolic
wastes, facilitating tumour cell growth and survival [12]. Moreover, the enhanced tumour
vasculature increases the ability of tumour cells to invade and metastasize. Metastasis is
the final step of cancer development in which cancers spread to other parts of the body.
Metastasis begins with malignant cells escaping from the primary tumour and invading
adjacent normal tissue, followed by passage through the walls of blood vessels or lymph
glands and subsequent distribution by a hematogenous or lymphatic route to other parts
of the body [13, 14]. Following this distribution, the cancer cells can “seed” in a lymph
node or foreign tissue to initially form micro-metastases; subsequent local angiogenesis
can yield new macro-metastases [15]. Although a primary tumour can cause massive

organ damage and other severe symptoms, the prognosis of primary cancer is almost
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always better compared to metastatic disease. Indeed, ~90% of cancer-related mortality

is caused by metastases [16].

1.1.3. Cancer grade, stage and prognosis

Clinically, cancer is assessed by stages and grades that guide treatment and
prognosis. Classification of the stage of a cancer is defined by the growth of the primary
tumour and the level of metastasis, and commonly divided into five stages (Table 1.1).
Patients usually have poorer survival and prognosis when diagnosed with higher stage
cancers compared with lower stages. For example, in the USA the 5 year relative survival
rate for stage 1 breast cancer is nearly 100% while this drops to 72% for stage 3 breast
cancer patients, and only 22% for patients with stage 4 cancer [17]. A grading system is
also used for diagnostic purposes. Tumour grade is an estimate of the level of alteration
in cell morphology exhibited by tumour cells compared to normal cells (Figure 1.3). A
tumour that is more organized and closer to the normal state is considered well-
differentiated and usually predicts better outcomes and prognosis. Poorly differentiated
tumours, which lack distinctive cell morphology compared with normal tissue, are

usually considered more dangerous and have a poorer prognosis.
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Table 1.1. Cancer stages.

Stage Description

Stage 0 Carcinoma in situ: malignant cells retained within the original
abnormal tissue.

Stage 1 A relativgly small malignant_tumour that is contained within the organ
it started in the organ where it started.

Stage 2 Cancer has nf)t started to spread into surrounding tissue but with larger
tumour than in stage 1.

Stage3 Cancer with larger tumour and may have started to spread into
surrounding tissues and lymph nodes.

Stage4 Cancer that have spread from the originate organ to another body organ

(metastasis cancer).

POORLY DIFFERENTIATED

Grade 5

Lack of glands,
sheets of cells

Grade 4

Irregular masses of
cells with a few glands

————— Grade 3

Infiltration of cells from
glands at margins

More space
between glands

" Grade |

Small uniform glands

WELL DIFFERENTIATED

Figure 1.3 Cancer grades and cell differentiation. Image obtained from Google

Image on 27 November 2017. (Source: http://www.ustoo.org/images/Gleason.jpQg)
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1.1.4. Cancer statistics

Cancer has been recognized as one of the leading causes of death in modern society.
According to data provided by the World Health Organization (WHO), approximately
14 million new cases of cancer occurred worldwide in 2012, and a rise of new cases by
70% is expected in the next twenty years. In Australia, cancer incidence has increased
dramatically from 47440 new cases in 1982 to more than 120000 new cases in 2012. This
number is estimated to further increase to 134174 in 2017, with over 45% of cases being
either breast cancer, prostate cancer, colorectal carcinoma, melanoma and lung cancer

[18].

Nearly 1 in every 6 deaths in Australia is caused by cancer, making it the second-
leading cause of death in this country; this disease Killed 44171 Australians in 2014. In
2017, the chance of death by cancer by the age of 85 is estimated to be 1 in 5. Although
mortality rates are decreasing (from 209/100,000 in 1982 to 161/100,000 in 2017,
according to Cancer in Australia 2017), the overall 5-year-survival rate in Australia is
still ~68%; thus, vast improvements in diagnosis and treatment are still required to

improve outcomes [18].

1.1.5. Recent progress in cancer treatment

Modern medicine has developed multiple options for the treatment of cancer since
the 19" century. Surgery is the most direct treatment for non-haematological cancers,
with the aim to physically remove the entire tumour and potential metastasis affected
lymph nodes. Other types of treatment are mainly to kill or limit cancer cell growth, in

order to control cancer development or shrink the tumour. Radiotherapy is one of the
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main cancer treatment options, where ionizing radiation is used to kill cancer cells.
Chemotherapy also aims to kill cancer cells using chemical anti-cancer drugs. For
haematological cancers, bone marrow or stem cell transplant is widely used after high

doses of destructive chemotherapy or radiation.

More recently, targeted therapy [19, 20], immunotherapy [21, 22], interventional
radiation and other cancer treatments have been introduced into clinical use and are
raising new hopes as more effective alternatives to surgery, radiotherapy and
chemotherapy [23]. Targeted therapies mainly aim to repress cancer development or Kill
cancer cells via specific targets. For example, hormone therapy is a targeted therapy, and
has been proven effective for controlling hormone-sensitive cancers (such as ovarian [24,
25], breast [26, 27] and prostate cancers [28]). Immunotherapy is focused on arousing
the immune system of the patient to fight cancer cells, such as NK cell-based

immunotherapy [21].

1.2. Molecular mechanism of cancer: oncogenes and tumour suppressors

Much research has identified genes that can regulate cancer development and
growth. These genes can be broadly grouped into oncogenes and tumour suppressor

genes.

1.2.1. Oncogenes

Oncogenes contribute to the initiation and progression of cancer, and can be

extrinsic (i.e. viral oncogenes), or derived from proto-oncogenes within the human
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genome [29]. Proto-oncogenes are usually human genes that function to regulate cell
growth and survival, but can become an oncogene when hyper-activated, which can occur
via mutation, transcriptional upregulation or post-translational mechanisms [30].
Mutation within the proto-oncogene coding region can lead to gain-of-function of the
protein product and provide constitutive oncogenic activity, or disturb post-translational
regulation and lead to increased protein stability and activity. For example, the RAS genes
(HRAS, NRAS and KRAS) serve as GTPases in normal cells, but somatic mutations of
HRAS, NRAS and KRAS have been frequently found in human cancers (~25%), and
function as oncogenes [31]. Mutations within the regulatory region of a proto-oncogene
or localized gene amplification can result in increased transcription and protein
expression, such as MDM2, which has been found to be amplified in 70% of well-
differentiated liposarcoma [32], and 31% of breast cancers [33]. Chromosome
translocation may also lead to over-expression of a gene when the upstream regulatory
element is altered. This mechanism may also produce fusion genes and relates to outcome
of cancer, such as the TMPRSS2-ERG fusion, which is a frequent event in prostate cancer
and linked to poorer prognosis [34, 35]. Some other factors may also participate in the
conversion of proto-oncogenes, such as aberrant epigenetic modification of the gene

and/or dysregulation of the proteins that regulate the proto-oncogenes.

Broadly, oncogenes disturb normal cell growth regulation or programmed cell
death [36]. Researchers have identified thousands of genes that potentially relate to
oncogenic roles and have divided them into six groups according to their functions:
transcription factors, chromatin remodelers, growth factors, growth factor receptors,
signal transductors and apoptosis regulators [37]. Examples include the RAS family that
functions as signal transductors and contribute to cell proliferation, low differentiation
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and survival when mutated in cancer [31]. VEGF-A can be upregulated by other
oncogenes and encodes a ligand that contribute to tumour angiogenesis [38], upregulated
VEGF-A expression has been associated with metastasis risk and poor prognosis in
several cancers [39-41]. HER2/neu is a growth factor receptor encoded by ERBB2 gene.
HER2/neu plays a significant role in breast cancer progression [42], and has been found
to be amplified or over expressed in many other cancers, including ovarian carcinoma,
lung adenocarcinoma and gastric cancer [43]. Some oncogenes are more specifically
related to certain cancer types, for example the androgen receptor plays a key role in
prostate cancer [44] and breast cancer [45] (see Sections 3.5.2 for more detail). Some
oncogenes are also found to facilitate cell migration and tumour metastasis by inducing
epithelial-mesenchymal transition and angiogenesis, such as the RAS family and Scr

family [46-49].

Oncogenes represent potential therapeutic targets for clinical cancer treatment, and
some targeted drugs have already been developed, including the HER2 receptor inhibitor

Trastuzumab [50] and the VEGF-A inhibitor Bevacizumab [51].

1.2.2. Tumour suppressors

Tumour suppressors are the opposite to oncogenes, being a group of genes that repress
oncogenesis [52]. According to their function, tumour suppressors can be catalogued into
three groups: “gatekeepers”, “caretakers” and “landscapers” [53, 54]. The gatekeepers
are the genes that negatively control cell growth and survival, stopping the cell from
potentially entering a malignant growth phase. The caretakers are genes that help

maintain genetic stability and suppress mutations of other genes by arresting the cell
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cycle to allow gene repair, or by triggering apoptosis if the damaged DNA cannot be
repaired. The landscapers are genes that modify the cell microenvironment by regulating
extracellular matrix proteins, cellular surface markers and growth factors [53, 54]. Loss
of function of tumour suppressors is commonly observed in cancers due to mutation,
deletion, loss-of-heterozygosity or dysregulation. Random mutations within the coding
region of a tumour suppressor, or chromosome translocation, may lead to altered function
of the protein product, thus impairing or abolishing its biological function. Aberrant
epigenetic modification and mutations within the promoter region can reduce the
transcription of the gene, whereas shortened protein stability due to mutation or other

dysregulated factors can also lead to decreased protein expression and activity.

Since tumour suppressors are “preventers and stoppers” of cancer, strategies to
regain their expression and function has become a heated area in cancer research. For
example, encoded by TP53, p53 is a gatekeeper and a caretaker, and the most important
tumour suppressor that participates in the regulation of apoptosis, cell cycle arrest and
DNA repair (see more details in section 1.4). The tumour suppressor PTEN regulates
cell division by repression cell cyle transition, and is frequently mutated or lost in human
cancer [55-57]. PTEN is also an examples of landscaper genes which create an anti-
growth extracellular stroma and repress the proliferation and invasion of cancer cells

[58].

1.2.3. Non-coding RNAs in cancer

1.2.3.1. Non-coding RNAs
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In addition to classic protein-coding oncogenes and tumour suppressors, non-
coding RNAs (ncRNAs) can also have equivalent functions. An ncRNA is an RNA
transcript that does not translate into a protein molecule. The ncRNA family comprises
multiple types characterized by the biogenesis length, function and structure of the
ncRNA (Figure 1.4). Transfer RNA (tRNA) is a type of ncRNA that carries the amino
acid to the the ribosomal for translation. rRNA is another type of ncRNA that composes
the subunits of ribosome and is essential for protein synthesis. Small nuclear RNA
(SnRNA) are found in the Cajal bodies of the nucleus and participate in pre-mRNA
maturation. A subtype of SnRNA is small nucleolar RNA (snoRNA), which is highly
similar to snRNAs but participates in modification of ncRNAs (such as tRNAs and
rRNAS) instead of pre-mRNAs. Small Cajal body-specific RNAs (scaRNAs) belong to
the snoRNA family but are only involved in the modification of RNA polymerase 11

transcribed spliceosomal RNAs [59].

While the average length of tRNAs, snRNAs, snoRNAs and scaRNAs is
approximately 70~200nt [60], there are small ncRNAs that play roles in RNA silencing
consisting of approximately 30 nucleotides. The largest classes of small ncRNAs in
animals are piwi-interacting RNAs (piRNAs), which are ~28-33nt in length [61];
microRNAs (miRNAs), small single strand RNAs of approximately 18-25 nucleotides
[62]; and small interfering RNAs (SiRNAs), double-stranded RNAs that also serve as

RNA silencers.

Longer ncRNAs also exist and participate in in a broad range of cellular functions.

Long-non coding RNA (IncRNA) are ncRNAs with a length of more than 200nt, and
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have been reported to regulate the process of DNA transcription by interacting with
different elements of the process. Another class of longer ncRNAs is circular RNA
(circRNA), which is usually composed of 1-5 exons and can be 1500nt in length [63].
Different from linear RNAs, a circRNA is a single RNA strand that forms a circle by

joining the 5” and 3’ ends and is believed to function as a regulator of other linear RNAs.

Non-coding

RNA

‘ >2L0 nt <2l0 nt
rRNA tRNA Long ncRNA Short ncRNA Other?
(<15%) (>80%)
—  pRNA —  siRNA
—  eRNA . miRNA 18-25 nt
— gsRNA
—  piRNA 28-33 nt
— lincRNA
— snoRNA
1 NAT 70-200 nt
circRNA

Figure 1.4. Non-coding RNAs grouped by length and function. rRNA and tRNA
were each grouped by function. ncRNAs with more than 200 nucleotides were
grouped as long ncRNAs and ncRNAs with less than 200 nucleotides were grouped
as short ncRNAs. Image adapted from “Role of Non-coding RNAs in Cystic
Fibrosis” [64].
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1.2.3.2. non-coding RNAs in cancer

The roles of ncRNAs in cancer are being gradually revealed. LncRNAs are
considered important components in cancer biology, participating in cancer cell related
signalling with dysregulated expression observed in cancer [65, 66]. SIRNAs are
currently proposed as tools in targeted cancer therapies that aim to prohibit the expression
of crucial oncogenes. Evidence also points to an association between circRNA expression
and multiple cancers, mainly by functioning as miRNA sponge inhibitors [67]. A miIRNA
sponge inhibitor is a vector that contains repetitive short sequences that binds to a certain
miRNA, and therefore functions as a competitive inhibitor [67]. MicroRNAs (MiRNAS)
are well characterised short ncRNAs and have been revealed as key regulators of
oncogenesis in the past two decades. This work is focused on the participation of

miRNAS in oncogenic regulation.

1.3. MicroRNA and cancer

1.3.1. What is a microRNA?

As previously described, miRNAs are a type of small RNA of approximately 22
nucleotides that are abundantly expressed across organs and species. 2588 mature
miRNAs have been officially identified in the human genome [68]. An additional 3707
novel mature miRNAs had been identified in 2015 with potentially more still to be found
[69]. Typically in animals, a miRNA gene is first transcribed by RNA polymerase Il into
primary miRNA (pri-miRNA), which is a long single strand RNA of approximately 300
to 1000nt. Drosha (a member of the RNA polymerase 111 family), together with DGCRS,
binds and processes the pri-miRNA into hairpin structures enabling cleavage of these

hairpins to produce a precursor miRNA (pre-miRNA) of ~70nt. The pre-miRNA is then
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exported from the nucleus to the cytoplasm by Exportin5 (XPO5) and then cleaved into
a ~22bp miIRNA/miRNA* duplex by Dicer. One strand of the miRNA/miRNA* duplex
binds the miRNA induced silencing complex (miRISC) and functions as mature miRNA,

while the other stand is normally degraded (Figure 1.4) [70].
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Figure 1.5. Biogenesis and function of miRNAs [71].

Mature miRNAs function primarily as negative regulators of gene expression by
binding to specific target sequences located in the 3’ untranslated region (3°UTR) of
target MRNAs, which promotes transcript degradation or inhibits mMRNA translation [71].
Transcript degradation occurs in the case of perfect pairing between the miRNA seed

sequence (which is essential for miRNA-mRNA binding, usually located 2-7 nt from the

28



miRNA 5’ end) and the binding site, whereas translational repression of the mRNA by
the miRISC complex occurs if the seed sequence only partially matches the binding site.
The miRISC protein complex, which is composed of argonaute 2 (AGO2) and GW182
in mammals, plays a key role in directing and binding the miRNA to its target mMRNAs
[71]. Later studies revealed that in rare cases, miRNAs could also bind to the open
reading frame (ORF) [72, 73] and the 5 untranslated region (5’UTR) [74] of genes.
Interestingly, unlike the other types of binding between miRNA and target mRNA that
result in reduced protein expression, 5’UTR binding can lead to enhanced target gene

expression [74].

MiRNA expression and activity can be regulated at different levels. About 60% of
miRNAs are located in a host protein-coding gene and co-transcribed with their host
genes. The transcription of some miRNAS can be also activated independently from host
genes. In addition, some miRNAs are not located outside of protein coding genes and are
transcriptionally regulated via their own promoters. The regulation of miRNA biogenesis
also accounts for the modulation of miRNA expression, where the repression or
activation of Drosha, Dicer and XPO5 can affect the overall level of mature miRNAs.
After being processed into mature miRNAs, the stability and degradation of miRNAS can
be affected by RNA editing [75, 76] or small RNA degradation nucleases (SDNSs) [77,
78]. Moreover, the targeting efficiency of miRNAs can also be regulated by Argonaute
activity and by RNA binding proteins, which may block the binding site from the miRISC

complex and thus inhibit the function of miRNAs.
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1.3.2. OncomiRs and tumour repressor miRNAS

Similar to oncogenes, oncomiRs are miRNAs that facilitate the initiation and
development of cancer. Over-expression of oncomiRs down-regulates the expression of
target tumour suppressor genes and represses anti-oncogenic pathways. For example,
levels of miR-17-92 were found to be increased in aggressive small cell lung cancer in
2005, caused by frequent amplification of the miR-17-92 cluster. Later studies identified
that the miR-17-92 cluster promotes cancer by targeting tumour suppressors, including
CDKNI1A and PTEN, as direct targets [79]. miR-155, miR-21 and miR-221 also have

been reported as oncomiRs which target PTEN, TP53 and other tumour suppressors [80].

Tumour suppressor miRNAs are miRNAs that target oncogenes and thereby
repress oncogenesis and cancer progression. The endogenous expression of these
miRNAs is usually down regulated in cancers, accompanied by elevated expression of
target oncogenes and signalling pathways. One example is the let-7 family, which targets
multiple oncogenes including EGFR, RAS, MYC and CCND2 [81-83]. MiR-15 and miR-
16 have been shown to induce apoptosis by targeting BCL2 [84]. By targeting VEGF-A

and PIK3R2, miR-126 also represses cancer progression [80, 85].

Notably, since miRNAs have multiple targets, their biological roles are highly
context-dependent and can play dual roles in cancer according to the cellular
microenvironment and tissue type. For example, miR-125b has been recognized as an
oncomiR in haematological cancers [86, 87] but as a tumour suppressor in some solid

tumours [88-91]. The experimentally verified targets of miR-125b include both
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oncogenes and tumour suppressors, which explains the contradicting outcome [92].
Similarly, mir-663 has been reported to be an oncomiR that targets HSPG2 and induces
chemo resistance in breast cancer [93], while functioning as a tumour suppressor by
targeting p21 in nasopharyngeal carcinoma [94]. To determine the overall effect of a
miRNA in cancer development, valid target genes of the miRNA should be grouped by
functions, and the abundance of these targets will be important for the holistic analysis.
Extrinsic factors should also be taken into consideration of this network [92]. The general
impact of miRNAs can also vary due to the dual functions of major target genes, which
commonly occurs in cancer related immune signalling [95, 96] and tumour stroma [97,
98]. Moreover, organ environment specificity and the regulatory network of miRNA

expression also contribute to the complexity of the functional effect(s) of a miRNA.

1.3.3. Clinical utilization of miRNAs in cancer

Since many miRNAs show distinctive expression patterns in cancer, researchers
have proposed their use as potential biomarkers for cancer diagnosis and prognosis [99].
In breast cancer for example, miR-21, miR-106 and miR-155 were found to be highly
expressed in malignant tissue specimens compared with normal tissue specimens, while
miR-126, miR-199 and miR-335 were significantly decreased [100]. MiR-21 was also
suggested as prognostic marker for breast cancer metastasis [101]. Importantly for their
use as biomarkers, miRNAs can be readily detected in serum, plasma and other readily
accessible body fluids. Enders et al [102] suggested that plasma miR-451 and miR-145
could be used as combined markers for early stage breast cancer screening. Another study
analysed the serum miRNA profile in breast cancer patients with receiver operating

characteristic (ROC) curve analysis and found that serum miR-145, miR-155 and miR-
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382 could distinguish breast cancer patients from normal healthy people [103]. The
detection of circulating miRNA markers may provide an easy, early screening and
monitoring strategy for cancers, and provide more personalized insight into individual

cancer incidence.

MicroRNAs could also be targeted as a therapeutic approach. Hypomethylating
agents can be used to reverse the epigenetic silencing of tumour suppressor miRNAS
[104, 105], and oligonucleotide based approaches may also be used to restore the level
of such miRNAs [106, 107]. To block the activity of oncomiRs, multiple oligonucleotide
based methods have been developed, including LNA [108], tiny LNA [109], antagomiRs
[110], miRNA sponges [111] and small molecule targeting miRNAs (SMIRs) [112]. A
LNA-based antisense molecule targeting miR-122 has been developed by Santaris
Pharma and evaluated in clinical trials for hepatitis C treatment, which could also reduce
rates of hepatocellular carcinoma [108]. However, as the functional target of miRNA can
be highly context dependent, the potential for off-target effects of miRNAs in clinical

use has raised concerns [113].

1.4. The miRNA-mediated moderation of the p53 signalling network.

This part of introduction is written as a manuscript of review for publication.
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Abstract

Tumour protein p53, a transcription factor that participates in multiple cellular
functions, is considered the most important tumour suppressor in the cell. The
dysregulation of p53 abundance and activity is closely related to tumorigenesis and
tumour progression; indeed, the TP53 gene is mutated in over 50% of cancers. Emerging
evidence suggests that MicroRNAs (miRNAS) represent another important mechanism
controlling the expression and activity of p53 in cancer. This relationship is two-way,
since both wild-type and mutant p53 participate in the regulation of miRNAs at the level
of biogenesis and transcription. In this review, we will summarize the state of play of
miRNA: p53 regulatory networks, and discuss the implication of such regulation in
cancer. Furthermore, we explore the progress in miRNA mediated regulation of mutant

p53, and highlighted the influence of polymorphism and 3’UTR mutations of p53.
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1. MIRNA biosynthesis and function in cancer

MicroRNAs (miRNAs) are a type of non-coding RNA of approximately 22
nucleotides that mainly function as negative regulators of gene expression (Bartel 2004).
Initially, miRNA genes are transcribed into primary miRNAs (pri-miRNASs), which
assemble into hairpin structures with the assistance of DGCRS8, Drosha, p68 and p72,
ultimately resulting into cleavage of pri-miRNAs into precursor miRNAs (pre-miRNAS).
By binding Exportin 5 (XPO5), pre-miRNAs are then exported into the cytoplasm where
they are processed into ~22 bp mature miRNA by Dicer, and bind the miRNA induced
silencing complex (MiRISC). miRISC, which is comprised of argonaute 2 (AGO2) and
GW182 in mammals, plays a key role in directing binding of the mature miRNA to the
binding site on the target MRNA, generally located at the 3” untranslated region (3’UTR)
(Bartel 2004). If perfect pairing exists between the miRNA seed sequence and its binding
site, the interaction can result in degradation of the mMRNA by AGO2. Alternatively, if
there is partial matching between the seed sequence and the binding site the result is

translational repression of the mRNA.

Accumulating evidence indicates the important role of miRNAs in cancer related
regulation. Some miRNAs are aberrantly expressed in cancer and have been nominated
as potential tumour markers. For instance, miR-21 (Krichevsky and Gabriely 2009; Liu,
Lu et al. 2017) and miR-155 (Mashima 2015; Due, Svendsen et al. 2016; Kapodistrias,
Mavridis et al. 2017) are both found highly expressed in multiple cancers, and their levels
associate with disease reoccurrence and poor prognosis. Functionally, miRNASs have now
been shown to participate in all the classic hallmarks of cancer (Hanahan and Weinberg

2011), with assigned roles as tumour suppressor miRNAs or oncomiRs by targeting
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known oncogenes or tumour suppressors respectively. Several cancer related signalling
pathways, including the p53 signalling pathway, have been shown to be regulated by
miRNAs through multiple factors in the pathway. However, since a single miRNA can
influence the expression of multiple genes with opposing functions in a pathway the
resulting impact of these miRNAs in a particular cancer cell can be difficult to ascertain

and be context dependent.

2. Tumour suppressor p53

p53 is a nuclear phosphoprotein of 393 amino-acids, which is encoded by the TP53
gene located at 17p13.1 (Isobe, Emanuel et al. 1986). Wild-type p53 contains 5 domains:
the N-terminal transactivation domain (TAD), the proline-rich region (PRR) (Venot,
Maratrat et al. 1998), the central DNA-binding core domain (DBD), the C-terminal
domain and the homo-oligomerisation domain (OD) (Harms and Chen 2005; Joerger and
Fersht 2010). The DBD is essential for p53 to perform its function as a transcription

factor.

Although p53 was initially considered as an oncogene (Crawford 1985; Jenkins,
Rudge et al. 1985), Baker’s group discovered the common existence of TP53 mutations
in 75% of colorectal cancer and first reported the association between cancer and
inactivation of wild-type p53 (Baker, Fearon et al. 1989). In 1990, patients with
constitutional TP53 mutations were found to have greatly increased risks of cancer
(Malkin, Li et al. 1990; Srivastava, Zou et al. 1990). Since then, somatic TP53 mutations
has been found to occur at a frequency of around 50% in all cancer types (Levine 1997),

and the role of wild-type p53 confirmed as a key tumour suppressor. The most common
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mutation of p53 in cancer is the missense mutation, which is a single nucleotide mutation
located in the DBD of p53. Missense mutations of p53 often result in gain-of-function or
loss-of-function, and enable mutant p53 to act like an oncogene. The major tumour
suppressor role of p53 is driven by response to a variety of cellular stress signals that
results in transcriptional activation or repression of downstream effectors (Ho and
Benchimol 2003). As a tumour suppressor, one of the most important functions of p53 is
as a cell cycle regulator to prevent inappropriate cell proliferation. p53 negatively
regulates cell G1/S and G2/M transition through multiple targets, including p21 (el-
Deiry, Tokino et al. 1993), GTES1 (Brown, Boswell et al. 2007), GADDA45A (Taylor
and Stark 2001) and 14-3-3sigma (Hermeking and Benzinger 2006; Kuroda, Aishima et
al. 2007). The second core function of wild-type p53 is to induce programmed cell death
(apoptosis). The pro-apoptotic Bcl2 family, consisting of Bax (Miyashita, Krajewski et
al. 1994), PUMA (Nakano and Vousden 2001), Noxa (Oda, Ohki et al. 2000) and Bid
(Sax, Fei et al. 2002), are transcriptionally activated by p53, leading to activation of
cytochrome-C and apoptosis (Juin, Hunt et al. 2002). Other pro-apoptotic effectors, such
as Apaf-1 (Kannan, Kaminski et al. 2001; Robles, Bemmels et al. 2001),
p53DINP1(Okamura, Arakawa et al. 2001), p5S3AIP1 (Oda, Arakawa et al. 2000) and
PIDD (Attardi, Reczek et al. 2000), also contribute to the apoptosis mediated by p53
(Fridman and Lowe 2003). p53 can also facilitate apoptosis in a transcript-independent
manner by translocating to the mitochondria and directly inducing cell apoptosis
(Caelles, Helmberg et al. 1994; Marchenko, Zaika et al. 2000). Recent studies reveal
diverse additional functions of p53, including functions in cell stemness, tumour
metastasis, epithelial-mesenchymal transition (EMT) (Chang, Chao et al. 2011; Schubert
and Brabletz 2011), tumour angiogenesis and cellular senescence (Burns, D'’Ambrogio et

al. 2011).
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3.  MiRNAs regulated by wild-type p53

As a transcription factor, p53 plays a key role in the regulation of miRNAs at both

the level of transcription and maturation.

Several miRNA have been shown to be induced by p53 and, in common with p53,
also have tumour suppressor function. The miR-34 family, consisting of miR-34a/b/c,
was reported as the first p53-induced miRNA via direct promoter activation. These
induced miR-34 family members also enhance p53-induced growth inhibition and
apoptosis by targeting Bcl2, cyclin E2, CDK4 and CDK®6 (He, He et al. 2007; Raver-

Shapira, Marciano et al. 2007).

Similarly, miR-107 expression is also directly regulated by p53 and can repress
tumour growth and angiogenesis by targeting hypoxia inducible factor-lbeta (HIF-
1beta) in vitro and in vivo (Yamakuchi, Lotterman et al. 2010). Wild-type p53 also
directly activates the expression of miR-145, which functions as a tumour suppressor by
targeting c-Myc (Sachdeva, Zhu et al. 2009). MiR-26a and miR-16 has been shown to be
another targets of p53, and enhance the p53 mediated response to genotoxic stress by
targeting Chkl and Weel (Lezina, Purmessur et al. 2013). Wild-type p53 is able to
reduce cell growth and EMT by reducing expression of ZEB1, ZEB2 and multiple cell
cycle regulators, which can be mediated by p53 up-regulating the miR-200 family (miR-
200a/b/c, mir-141 and miR-429) and the miR-192 family (miR-192,194,215) that target
ZEB1 and ZEB2 (Kim, Veronese et al. 2011; Hermeking 2012). MiR-1246 is also a p53-

induced miRNA and represses the cell proliferation of human hepatocellular carcinoma

39



cells by targeting NFIB (Zhang, Liao et al. 2011; Zhang, Cao et al. 2015). Although
additional miRNAs have been shown to be positively regulated by wild-type p53, such
as miR-375 (Hao, Lou et al. 2017), miR-17-5p (Hao, Wei et al. 2017), miR-1915-3p
(Wan, Cui etal. 2017), miR-199a-3p (Yang, Xu etal. 2017), miR-7 and miR-182 (Blume,
Hotz-Wagenblatt et al. 2015), and would be predicted to be tumour suppressors by
contributing to the regulation of p53 downstream pathways, functionally they have been
reported as oncomiRs by targeting tumour suppressor genes in the cellular context

(Figure 1).

A few miRNAs have been found negatively regulated by p53. The well-known
oncomiRs miR-17-92 cluster is a direct target of p53, and is transcriptionally repressed
in hypoxic environment to facilitate the DNA damage response (Yan, Xue et al. 2009).
MiR-224 and miR-502 are repressed targets of p53, and their down-regulation results in
blockage of cell proliferation (Hermeking 2012; Liang, Yao et al. 2013). miR-100, miR-
146a, miR-221 and miR-150 are also found negatively regulated by p53 via disturbed
NF«B p65/RelA activity in HeLa cells, but their function in cancer remains to be verified

(Ghose and Bhattacharyya 2015) (Figure 1).
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Figure 1. MicroRNA are regulated by wild-type and mutant p53.
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4. MIRNAs participate in the regulation of wild-type p53

As an essential gatekeeper that maintains normal cell function, the level and

activity of p53 is strictly modulated by multiple factors including miRNAs.

4.1. MiRNAs that directly regulate p53

Post-transcriptionally, several miRNAs and miRNA families have been reported to
directly regulate p53 (Figure 2). MiR-125b directly binds to the 3’UTR of TP53 mRNA
to reduce its expression (Le, Teh et al. 2009). A further study explored the role of miR-
125b in p53 signaling across species by using a gain- and loss-of-function screen. This
study identified 20 novel targets of miR-125b that were also down-stream factors of p53
signaling, suggesting that miR-125b also participates in the down-stream pathways of
p53 to repress p53 network activity (Le, Shyh-Chang et al. 2011). Subsequently, there
have been multiple additional miRNAs reported that directly target the p53 3’UTR and
decrease p53 expression (Figure 2). These miRNAs, such as miR-125b, miR-380-5p
(Swarbrick, Woods et al. 2010) and miR-24 (Chen, Luo et al. 2016), usually have
functions as oncomiRs, which is consistent with the inactivation of p53-anticancer
pathways. However, several other miRNAs that target p53 have reported dual roles in
cancer. For example, miR-504 functions as an oncomiR by targeting p53 (Hu, Chan et
al. 2010), but was also found to be a tumour suppressor and repress cell proliferation in
human glioma (Cui, Guan et al. 2016). MiR-33 decreases sensitivity to radiation and
stem cell self-renew by repressing p53 (Herrera-Merchan, Cerrato et al. 2010; Wolfe,
Bambhroliya et al. 2016), but reduces oncogenesis in melanoma by targeting HIF-1a
(Zhou, Xu et al. 2015). Similarly, miR-150 (Zhang, Wei et al. 2013; Wang, Ren et al.

2015; Xu, Zhou et al. 2016), miR-375 (Liu, Xing et al. 2013), miR-181a (Galluzzi,
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Morselli et al. 2010; Cao, Zhao et al. 2017; Chang, Chen et al. 2017) and miR-214 (Wang,
Lv et al. 2015; Jiang, Yao et al. 2016) have oncomiR roles by targeting p53 in lung,
breast and gastric cancer models, but also function as tumour-suppressors in other cancer
models. These opposing roles of micro-RNAs may result from the particular molecular
context of organ-specific cellular environments, and the overall biological outcomes of

the miRNA would be ideally verified by in vivo experiments.

Interestingly, self-regulatory feedback loops have been reported in miRNA-p53
regulation. MiR-150 (Ghose and Bhattacharyya 2015) and miR-141 (Gordon, Yan et al.
2015) are both direct targets of p53 and activated by p53 but also both target and reduce
p53 expression. Thus, miR-150 and miR-141 are upregulated after p53 activation,
leading to subsequent p53 repression, and therefore contribute to the transient nature of

p53 expression and activity in the normal cellular environment.
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Figure 2. MiRNAs regulate p53 directly and indirectly.
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4.2. MiRNAs that indirectly regulate p53

There has been described miRNAs indirectly involved in the regulation of p53
network via the modulation of other post-transcriptional regulators of the p53 signalling

pathway (Figure 2).

4.2.1. Regulation of p53 by direct miRNA targeting of MDM2 and MDM4

Wild-type p53 is a very unstable protein with a half-life of only a few minutes
(Rogel, Popliker et al. 1985). This ensures low levels of p53 in the absence of cellular
stresses. The degradation of p53 is proteasome-dependent and requires the ubiquitination
of p53 via the specific E3 ubiquitin ligase MDM2. MDM2 is activated by p53, and this
feed-back loop plays a key role in regulating the stability of p53 (Nag, Qin et al. 2013).
The C-terminal RING finger domain of MDM2 provides the E3 ubiquitin ligase activity
and ubiquitinates p53 (Fang, Jensen et al. 2000; Nakamura, Roth et al. 2000; Lai, Ferry
et al. 2001) by direct binding to the N terminal BOX1 domain of p53 (Kubbutat, Ludwig
et al. 1998; Bottger, Bottger et al. 1999). MDM4, a protein sharing structural homology
with MDMZ2, is also intimately involved in determining p53 stability by binding directly
to p53, inhibiting p53 activity as a transcription factor, and thus influencing the MDM2-
p53 feedback loop (Shvarts, Steegenga et al. 1996; Stad, Ramos et al. 2000). MDM4 also
stabilizes MDM2 by forming a heterodimer via the MDM2 RING domain (Sharp,
Kratowicz et al. 1999; Tanimura, Ohtsuka et al. 1999) leading to enhanced p53
degradation (Linares, Hengstermann et al. 2003; Wang, Wang et al. 2011). The MDM2-
MDM4-p53 axis allows an efficient activation of p53 during cellular stress, and also
allows p53 levels to rapidly return to normal when the stress is removed (Toledo and

Wahl 2007; Nag, Qin et al. 2013).
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Recently a group of miRNAs were described that contribute to the post-
transcriptional regulation of p53 via regulation of MDM2 and/or MDMA4. The inhibition
of both MDM2 and MDM4 by these miRNAs results in upregulation of p53 and
strengthening of p53 signalling. For example, MDM?2 is directly regulated by the miR-
192 family (Moore, Ooi et al. 2015), miR-605 (Xiao, Lin et al. 2011) and several other
miRNAs (Figure 2), and the repressed MDM2 expression leads to increased p53
expression and activation of p53 downstream genes. Similarly, MDM4 is directly
targeted by miR-10a (Ovcharenko, Stolzel et al. 2011), miR-766 (Wang, Selth et al.
2017) and let-7 (Xie, Chen et al. 2015), and the decreased MDM4 level consequently
causes the activation of p53 transactivation. MiR-885-3p is also involved in the MDM4
regulation, but elevates MDM4 expression by targeting the 5°UTR of MDM4, and results
in suppression of p53 and p53-dependent apoptosis (Huang, Chuang et al. 2011). MiR-
661 also functions as a p53 activator by targeting both MDM2 and MDM4, which
explains its association with good prognosis in breast cancer (Hoffman, Bublik et al.
2014) (Figure 2). Interestingly, a recent study shows single nucleotide polymorphism
(SNP) variation of MDM4 can create an illegitimate 3’UTR binding site for miR-191,
and allows miR-191 mediated MDM4-p53 regulation in ovarian cancer (Wynendaele,
Bohnke et al. 2010). Furthermore, another MDM4 SNP rs4245739, allows direct
repression of MDM4 by miR-191-5p and miR-877 in prostate cancer (Stegeman, Moya
et al. 2015). These studies highlight the impact of genetic variation on miRNA mediated

regulation.
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In addition to the direct miRNA-p53 regulatory feedback loops, the miR-192
family, miR-143/145 and miR-605 have been reported to increase p53 levels by targeting
MDM2 (Xiao, Linetal. 2011; Zhang, Sun et al. 2013; Moore, Ooi et al. 2015; Xu, Zhang
etal. 2017), while being also regulated by p53 (Sachdeva, Zhu et al. 2009; Kim, Veronese
et al. 2011; Zhou, Zhang et al. 2014; Cabrita, Bose et al. 2017). The p53 induced miR-
34a also directly targets MDM4 via a binding site located in the MDM4 ORF, and
functions as a activator of p53 in a miR-34a-MDM4-p53 feedback loop (Mandke, Wyatt

et al. 2012).

4.2.2. Regulation of p53 by indirect miRNA targeting of MDM2 and MDM4

By targeting MDM2, the 60S ribosomal protein L23 (RPL23) blocks MDM2
mediated p53 ubiquitination and degradation, and therefore influences p53 stability and
consequently its activity (Dai, Zeng et al. 2004). Thus, over-expressed RPL23 in vitro
leads to p53 dependent cell cycle arrest (Jin, Itahana et al. 2004). Wang et al reported
RPL23 as a direct target of miR-542-3p and over expression of this miRNA upregulated

p53 signalling in cancer cells (Wang, Huang et al. 2014).

Another protein indirectly influencing p53 levels is PA28gamma, a proteasome
activator that enhances MDM2-induced p53 degradation (Zhang and Zhang 2008). MiR-
7 increases p53 expression by targeting PA28gamma in breast and lung cancer (Xiong,
Zheng et al. 2014; Shi, Luo et al. 2015). Another protein indirectly involved in the p53
axis is cyclin G1 which interacts with MDM2 to protect p53 from MDM2 mediated
degradation (Kimura and Nojima 2002). By targeting cyclin G1, miR-122 inhibits the

binding of phosphatase 2A (PP2A) which is capable of dephosphorylating MDM2 and
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enhancing the p53 pathway in hepatocellular carcinoma cells (Fornari, Gramantieri et al.
2009). It is also reported that miR-27b can increase the sensitivity to p53 related
chemotherapy in SGC7901/VCR cells via the same Cyclin G1-MDM2-p53 mechanism

(Shang, Feng et al. 2016).

The ARF tumour suppressor is another important p53 regulator that binds to
MDM?2 and forms a p14*RF-MDM2-p53 complex (Stott, Bates et al. 1998), that both
disturbs the MDM2 mediated nuclear export of p53 and stabilizes p53 (Holmberg
Olausson, Nister et al. 2012). MiR-24, as well as directly targeting p53 (Chen, Luo et al.
2016), also targets p14”RF resulting in decreased levels of this protein, thereby
suppressing p53 signalling (To, Pajovic et al. 2012), and further reinforcing the p53

inhibition effect of miR-24 in vitro (Chen, Luo et al. 2016).

There are several additional reports of miRs that target p53 indirectly. These
include Plk2, a protein that can stabilize p53 via the p16Ink4a/p19Arf pathway in mice
(Deng, Wang et al. 2017) that is targeted by miR-146. A further example is miR-137, a
FoxD3 regulated miRNA that is down-regulated in hepatocellular carcinoma. The
decrease of miR-137 leads to enhanced MDM2 activity via its target gene AKT2 with
subsequent repression of p53 in vitro and in vivo (Abraham and O'Neill 2014; Liu, Lu et
al. 2014). In the same pathway, AKT1 substrate 1 (AKT1S1), a negative regulator of p53
via MDM2-p53 regulation, is also a target of miR-1908, which identifies miR-1908 as a

potential tumour suppressor miRNA in non-small cell lung cancer (Ma, Feng et al. 2016).
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A recently described DNA damage sensor, sex-determining region Y-related high-
mobility group (HMG) box 4 (SOX4), was found to respond to DNA damage stress in
an ATM/ATR dependent manner (Pan, Zhao et al. 2009). SOX4 activates and stabilizes
p53 by binding the regulatory domain (359—-393 amino acids) of p53 and disrupting the
MDM2-p53 interaction (Pan, Zhao et al. 2009). Targeting SOX4 is miR-191 and is
reported to repress p53 signalling and cell apoptosis in breast cancer (Sharma, Nagpal et
al. 2017). However in ovarian cancer (Wynendaele, Bohnke et al. 2010) and intrahepatic
cholangiocarcinoma (Li, Zhou et al. 2017) miR-191 has been shown to have the opposite
role in p53 regulation by targeting MDM4 and TET1, suggesting that the decision making
of p53 regulation by miR-191 may vary depend on organ specificity and cell context. As
all the three studies of miR-191 were established in cell lines only, how this miRNA will

modulate p53 signaling in vivo is unclear.

The YWHAG protein is an enhancer that can accelerate MDM4 phosphorylation
and thereby increase the degradation of p53. By targeting YWHAG, miR-217 protects
p53 from MDM4 mediated inhibition and reduces glioblastoma cell proliferation in vitro

and in vivo (Wang, Zhi et al. 2017).

4.2.3. MiRNA regulation of p53 post-translational modifications

The phosphorylations of p53, and therefore the relevant kinases, play major roles
in the regulation of p53. These kinases, such as ATM/Chk2 and ATR/Chk1, induce the
phosphorylation of p53 under DNA damage stress causing structural transition of p53
resulting in its reduced binding to MDM2 (Shieh, Ikeda et al. 1997; Chehab, Malikzay

et al. 2000), blockade of p53 ubiquitination and nuclear export (Zhang and Xiong 2001,
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Shiloh and Ziv 2013). AURKA is a protein that represses the ATM/Chk2 mediated p53
phosphorylation, and is reported to be a direct target of miR-137 (Qin, Zhang et al. 2017).
In hepatocellular carcinoma, miR-137 is often down-regulated, is related to poor
prognosis of HCC, and is confirmed to target AURKA directly. Overexpression of miR-
137 results in reactivation of the ATM/Chk2 pathway and consequently increased p53

signaling in vitro and in vivo (Qin, Zhang et al. 2017).

Additional miRNAs reported to influence p53 modifications include miR-19, miR-
155, miR-15 miR-17-5p and miR-106b-5p. MiR-19 and miR-155 inhibit p53 signalling
by directly targeting SOCS1, which contributes to p53 activation and phosphorylation on
serine 15 by forming a ternary complex with ATM or ATR in myeloma cells (Mignacca,
Saint-Germain et al. 2016). In addition, the p53-induced miRNAs, miR-15 family
(Pouliot, Chen et al. 2012; Mei, Su et al. 2015) and miR-26a (Lezina, Purmessur et al.
2013), were shown to negatively regulate Chk1 and Weel. The reduction of Chk1 and
Weel by these miRNAs was accompanied by upregulated p53 signaling and sensitized
response to genotoxic therapies in a positive miR-p53 feedback loop. TRIM8 also
stabilizes, and hence increases p53 activity, via p53 phosphorylation which results in cell
cycle arrest (Caratozzolo, Micale et al. 2012). The N-Myc regulated miR-17-5p and miR-
106b-5p were found to directly target TRIM8 and reduced p53-dependent chemotherapy
sensitivity in clear cell Renal Cell Carcinoma and colorectal cancer (CRC)
(Mastropasqua, Marzano et al. 2017), revealing additional aspect in Myc mediated

inhibition of p53 phosphorylation.
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Acetylation of the p53 protein functions to stabilize p53 from oncogene-mediated
repression. The silent information regulator 1 (SIRT1) induces deacetylation of p53 and
reduces p53-mediated apoptosis. MiR-34a has been identified to target SIRT1, thus up-
regulating p53 protein levels and rescuing the p53 dependent expression of Bax and Bcl2
resulting in increased apoptosis (Yan, Wang et al. 2016). Within the miR-34a-SIRT-p53
axis, miR-34a has a tumour suppressor role, and provides additional mechanism to the

miR-34a-p53 self-regulatory feedback loop (Mandke, Wyatt et al. 2012).

4.2.4. Other miscellaneous mechanisms whereby miRs influence p53 function

The ubiquitination factor E4B (UBE4B) is an E3 and E4 ubiquitin ligase, which
can ubiquitinate and degrade p53 independent of MDM2. MiR-1301 was found to
directly target UBE4B in breast and prostate cancer, and increases p53 levels and activity
(Wang, Wu et al. 2017). In breast cancer, miR-214 targets COP1, an E3 ligase that
enables the proteasomal degradation of p53 independent of MDM2 (Zhang, Su et al.
2016). In addition to targeting MDM2, miR-32 also has been reported to target TSC1
and therefore stabilize p53 via mTORC1 activation in the cancer glioblastoma
multiforme (Suh, Yoo et al. 2012). Additional reports suggest other miRs are involved
in the varied controls of p53 activity. MiR-885-5p has been reported to activate p53
signalling pathways by targeting CDK2 (Afanasyeva, Mestdagh et al. 2011). The high-
risk HPV-16 oncogenic proteins are known for repressing the expression of p53, p21 and
pl6. MiR-139-3p has been shown to be a defender against virus induced oncogenesis by
targeting the HPV-16 oncogenic proteins and restoring the p53 anti-cancer pathways

(Sannigrahi, Sharma et al. 2017).

51



Furthermore, several miRNAs mediate indirect p53 regulation by targeting
multiple genes that share similar functions, or via a positive feedback loop. The Rho
GTPases Cdc42 mediates p53 ubiquitination independent of MDM2 (Ma, Xue et al.
2013), and Cdc42 is targeted by miR-29 (Park, Lee et al. 2009). Interestingly, miR-29
also targets two negative regulators of p53, p85 (Park, Lee et al. 2009) and PPM1D
(Ugalde, Ramsay et al. 2011). In addition, by targeting CNOT6, miR-29c-3p also
enhances the p53-p21 and pl6-pRB pathways (Shang, Yao et al. 2016). The p53
dependent induction of miR-29, together with the multiple targets that are negative
regulators of p53, suggests a strong functional feedback loop between miR-29 and p53
expressions. Another example of a feedback loop involves the miR-19a/b and its target
the tumour protein 53-inducible nuclear protein 1 (TP53INP1) which is transcriptionally
induced by p53. This generates a positive feedback loop for restoring p53 function

(Wang, Wang et al. 2016).

MiRNAs also participate in the transcriptional regulation of p53. In adenoid cystic
carcinomas, miR-24-3p increase the p53-p21 pathway activity by targeting the protein
kinase C eta (PRKCH), which restore the PRKCH mediated transcriptional repression of
p53 (Zhang, Zhang et al. 2016), and thereby consistent with a tumour suppressor role for
miR-24-3p. This is consistent with the reported oncomiR function of miR-24 in

hepatocellular carcinoma (Wang, Lv et al. 2015).

The expression of p53 can also be epigenetically regulated, since DNA methylation
at the CpG rich island region of TP53 promoter plays an essential role in its expression.

Aberrant methylation of the p53 promoter has been frequently reported in cancer. For
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example the ten-eleven translocation 1 (TET1) can demethylate the TP53 promoter and
activate p53 transcription and thus anti-cancer pathways. The over-expressed miR-191
targets TET1 and consequently represses the p53 response by retaining the methylation
status of TP53 (Li, Zhou et al. 2017). DNA (cytosine-5)-methyltransferase 3b
(DNMT3b) induces the hypermethylation of TP53 and epi-genetically repress its
expression, and is negatively regulated by miR-125b as a direct target. The repressed
DNMT3b by miR-125b results in increased p53 expression and activated pathways in a
vascular smooth muscle cell model (Cao, Zhang et al. 2016). However, miR-125b was
previously reported as a negative regulator of p53 in cancer. These data suggest that miR-

125b may have opposite functions in cancer and normal tissue.

Moreover, there are reports that several oncomiRNAs, including miR-3646 (Tao,
Liu et al. 2016), miR-17-92 (Tavakoli, Vakilian et al. 2017) and miR-21 (Liu, Lu et al.
2017), show a negative correlation with p53 expression and p53 signalling strength in
cancer, however their overall impact on the regulatory mechanism of p53 is unclear and

requires further clarification.

5.  MiRNAs and mutant p53

TP53 mutations have been found in more than 50% of human cancers. The most
common alterations to p53 in cancer are missense mutations in the DNA binding domain
(DBD). These mutations lead to structural deformation of the p53 DBD, resulting in
either abolishment of DNA binding or a shift in p53 DNA binding patterns. Several
missense mutation hotspots have been found across cancers, including DNA contact

mutations R248 and R273, and conformational mutations R175, G245, R249, and R282
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(Freed-Pastor and Prives 2012). It has been confirmed that mutant p53 proteins often lose
the ability to transactivate the downstream genes of wild-type p53, which is described as
a loss-of-function (LOF) (Blagosklonny 1997). On the other hand, previous studies have
also indicated that certain missense p53 mutations exhibit oncogenic gain-of-function
(GOF) activities by activating a new set of target genes. Such p53 mutations include
R273H (Coffill, Muller et al. 2012; Kalo, Kogan-Sakin et al. 2012; Guo, Chen et al.
2016), R248Q (lgarashi, Hirano et al. 2014), R175H (Lang, Iwakuma et al. 2004), G245S

and R273C (Nesslinger, Shi et al. 2003).

In this section, we will discuss the current level of understanding of the

involvement of miRNAs in the mutant p53 landscape.

5.1. Mutant p53 can influence miRNA regulation

Mutations of p53 participate in the regulation of miRNAs distinctly from wild-type
p53 for both LOF and GOF. Wild-type p53 participates in the maturation of miRNAS via
interaction with p68, consequently increases Drosha activity, and therefore facilitate the
maturation process of miRNAs. Loss of wild-type p53 function has been shown to
decrease expression of miR-15a, miR-16-1, miR-143, miR-145, miR-122 and miR-199a
(Feng, Zhang et al. 2011; Hermeking 2012). Whether this effect exists in the regulation
of other miRNASs as a general response to Drosha, however, is unclear. Lack of wild-type
p53 activity may also affect the targeting efficiency of miRNAs by inducing the RNA-
binding-motif protein 38 (RBM38). This protein enables both the RNA accessibility for
MIiRNAs (Leveille, Elkon et al. 2011) and facilitates the interaction between AGO2 and

mature miRNAs, which allows miRNAs to locate and bind to potential binding sites on
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the mRNA (Krell, Stebbing et al. 2016). Moreover in a mutant p53 scenario, those
miRNAs that are direct targets of wild-type p53, are likely to experience reduction of
expression levels, while the miRNAs down-regulated by wild-type p53 may become

upregulated (Figure 1).

Because mutant p53 often loses the normal binding ability and function of wild-
type p53, mutant p53 has been shown to impair the maturation of miRNAs by
interrupting the interaction between Drosha, p68, p72/82 and pri-miRNAs. The affected
miRNAs include miR-517a, miR-519a, miR-105 and miR-218 have been reported
(Muller, Trinidad et al. 2014; Garibaldi, Falcone et al. 2016; Gurtner, Falcone et al.
2016). On the other hand, mutant p53 GOF itself can also contribute to miRNA
regulation by modulating/influencing a distinct set of miRNA targets. For example, the
p53 R175H mutant binds to the host gene of miR-128-2 and induces its expression
(Donzelli, Fontemaggi et al. 2012). In addition, miR-223 (Masciarelli, Fontemaggi et al.
2014) and miR-27a (Li, Jones et al. 2014) have both shown to be directly silenced by

mutant p53 binding at their respective promoter.

Mutant p53 has also been shown to suppress the maturation of miR-130b, miR-203
and miR-206 by blocking the p63-Dicer activation (Su, Chakravarti et al. 2010; Li, Jones
et al. 2014; Li, Han et al. 2015) . Interestingly, the interaction between mutant p53 and
AGO?2 dissociates AGO2 from miRNAs, which leads to the destabilization and reduction
of let-7s levels, while wild-type p53 induce the opposite result by increasing the AGO2-
miRNA association (Krell, Stebbing et al. 2016). Mutant p53, through its activation of

p63, can also upregulate miR-155 which has an established role as an oncomiR (Neilsen,
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Noll et al. 2013). Other miRs the have been shown to be influenced by mutant p53 include
miR-520g (Zhang, Geng et al. 2015) and let-7i which are repressed by mutant p53. There
is also evidence that miR-30a is down-regulated by p53 R273H via the IGF-1R/AKT
pathway, but whether this is specifically related to this particular mutant is unknown

(Guo, Chen et al. 2016).

5.2. MiRNAs that regulate mutant p53

MiR-600 has been shown to target mutant p53 in the colorectal cancer cell lines
SW480 (R273H and P309S), SW620 (R273H and P309S) and DLD-1 (S241F) (Zhang,
Zuo et al. 2017). The p73 activated miR-3158 also directly targets mutant p53 and
decreased its expression in the breast cancer cell lines MDA-MB-231 and MDA-MB-
468 (Galtsidis, Logotheti et al. 2017). Although it is not yet confirmed if miR-600 and
miR-3158 can influence expression of wild-type p53, it is possible that miRNAs could
specifically target mutant p53s. It is unlikely that miRNAs can discriminate mutant p53
from wild-type p53 if the specific miRNA binding site on the p53 mRNA is unchanged.
However, the mutation of p53 may create a new miRNA binding site or alter mRNA 3D
structure and influence miRNA binding accessibility or efficiency. Alternatively, the
observed effect may be indirect, with the miRNA influencing expression of a protein that
specifically modulates expression of mutant p53 or wild-type p53. However, it is yet to

be resolved if miRNA can specifically target a mutant p53.

MiRNAs can also regulate mutant p53 indirectly via other specific regulators of
mutant p53. While E3 ligases reduce mutant p53 levels by inducing mutant p53

ubiquitination (Lukashchuk and Vousden 2007; Sheng, Laister et al. 2008), USP10 a
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deubiquitinating enzyme, has the opposite effect as it deubiquitinates and stabilizes both
wild-type and mutant p53 (Yuan, Luo et al. 2010). MiR-191 directly targets USP10 and
impairs the USP10 mediated p53 protection in the pancreatic cancer cell lines PANC-1
(R273H) and SW-1990 (p53 wild-type) (Liu, Xu et al. 2014). Another example of an
indirect target of mutant p53 is the transcriptional co-repressor CtBP1 (Bergman, Birts
et al. 2009), and its confirmed target miR-644 (Raza, Saatci et al. 2016). By targeting
CtBP1, miR-644 has been shown to induce up-regulation of mutant p53 and promote
NOXA mediated cell apoptosis in the breast cancer cell lines MDA-MB-231 and MCF7

(Raza, Saatci et al. 2016).

Moreover, MDM2, the key regulator of wild-type p53, partially retains the ability
to bind missense p53 and when enforcedly expressed, induces the ubiquitination and
degradation of missense p53 (Haupt, Maya et al. 1997; Lukashchuk and VVousden 2007).
CHIP, Pirh2 and COP1 are all E3 ligases that have been shown to contribute to mutant
p53 ubiquitination, thus consequently reducing mutant p53 levels (Lukashchuk and
Vousden 2007; Sheng, Laister et al. 2008). Considering the shared regulatory
mechanisms, miRNAs that have been reported to regulate wild-type p53 via MDM2,
CHIP, Pirh2 and COP1 pathways are also potentially capable of performing similar roles

in the regulation of mutant p53, although there is no current experimental evidence.

5.3. p53 genetic variations and 3°’UTR mutations can influence miRNA mediated

repression.

Recently, several reports have identified genetic polymorphisms of p53 as a novel
mechanism that can influence miRNA mediated p53 regulation. Until 2012, the focus of
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p53 sequencing was its MRNA coding sequence (Deng, Becker et al. 2014). However, since
this time germ-line polymorphisms within the DNA encoding the p53 3’UTR were
reported (Stacey, Sulem et al. 2011; Enciso-Mora, Hosking et al. 2013; Diskin, Capasso
et al. 2014; Macedo, Araujo Vieira et al. 2016; Zhao, Li et al. 2016). The single
nucleotide polymorphism (SNP) rs78378222 is located in the 3'UTR of p53 mRNA and
changes the polyadenylation signal from AATAAA to AATACA (Stacey, Sulem et al.
2011). This polymorphism introduces a novel miRNA binding site, which is a perfect
match for miR-125b and provides additional strength to the miR-125b mediated p53
repression (Zhao, Li et al. 2016). This rs78378222 SNP has been shown to be associated
with increased risk of skin basal cell carcinoma (Stacey, Sulem et al. 2011), prostate
cancer, colorectal adenoma, glioma (Egan, Nabors et al. 2012; Enciso-Mora, Hosking et
al. 2013), neuroblastoma (Diskin, Capasso et al. 2014) and esophageal squamous cell
carcinoma (Zhou, Yuan et al. 2012; Li, Gordon et al. 2013) and it is possible that the

basis of this association is an increased repression of p53.

Cancer specific genetic variations of p53 3’UTR have been reported from genetic
sequencing of diffuse large B-cell lymphoma (DLBCL) patients (Li, Gordon et al. 2013).
Regardless of the p53 coding sequence, a number of novel mutations were found in the
3’UTR of p53 with a higher frequency than mutations in the coding sequence. Some of
these mutations are located at potential miRNA binding sites and therefore it is predicted
that there may be alteration of miRNA-p53 targeting. Furthermore, clinical data shows
that DLBCL patients with the 3’UTR mutations have a better overall prognosis,
suggesting the 3°’'UTR mutations may function as a positive regulatory factor in p53

signalling network by evading miRNA mediated p53 repression (Li, Gordon et al. 2013).
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6. Concluding remarks

Described as a “fine tuner of gene expression” (Seki and Hata 2017), many
miRNAs have been identified in cancer to have oncomiRs or tumour suppressor
properties. This review focusses on miRNAs that can influence p53 expression and
functions in cancer. This miRNA-mediated regulation can be either direct or indirect

and can influence either wild-type or mutant p53 or the expression of both.

It is apparent that p53, both wild-type and mutant, has a highly complex
interconnecting web of controls that include both classical genes and multitudes of
miRNAs. The presence of p53-miRNA and p53-miRNA-p53 regulator feedback loops
enables the strict maintenance of the protein level and activity of p53 during normal
cellular processes. When these feedback loops are compromised, this imbalances p53

regulation which can lead to oncogenesis.

There are reports of miRNAs (i. e. miR-375 (Costa-Pinheiro, Ramalho-Carvalho et
al. 2015) and miR-766 (Li, Li et al. 2015; Wang, Selth et al. 2017)) with conflicting
properties, with some reports suggesting an oncogenic role while others a tumour
suppressor role. Due to the complexity of the genetic elements that control p53
expression and the impact of the other targets of the miRNA in the cell, the role of a
MIRNA in cancer is likely to be context specific, which is dependent on the particular

molecular environment of the cancer cell.
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The majority of the miRNAs reported to interact with the p53 network are from
single studies where the expression of miRNAs was modulated in a limited number of
cancer cell lines. In some cases the miRNAs are reported to modulate the expression of
a protein involved in p53 regulation but the assessment of any effect on p53 expression
was not determined. The extent to which such mechanisms can be translated into the
complex in vivo situation is unclear. The endogenous abundance of the miRNA is likely
to effect the biological significance in vivo. The functions and activity of the multiple
targets of the miRNA may vary due to the interactive network amongst themselves,
which is also expected to lead to different in vivo outcomes from in vitro results. For
example, the miRNA that targets a series of genes that belong to the same pathway in

vitro is more likely to present the same function in vivo.

With the increased understanding of mutant p53 gain-of-function, it is apparent that
there are genetic regulatory pathways both limited to mutant p53 and in common with
wild-type p53. Such pathways can contribute to the development of cancer at different
levels. Disturbing miRNA expression and activity by mutant p53 can bring more down-
stream factors as targets of the affected miRNAs into the mutant p53 network, which

may further explain the biological impact of mutant p53 gain- and loss- function.

A recent finding, and an aspect that may be of particular impact, is that genetic
variation can impact miRNA function. This has been described at the genetic level where
disease associated SNPs have been shown to create additional potential binding sites for
miRNAs (Zhou, Zhang et al. 2013; Gao, Xiong et al. 2015; Stegeman, Moya et al. 2015).

This may provide a functional explanation where disease associated SNPs are located in
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chromosomal regions devoid of classical protein encoding genes. Detailed analysis of
cancer somatic mutations that are not located in gene ORFs shows that these mutations
may have the potential to modulate miRNA activity (Li, Gordon et al. 2013). These
mutations may create or delete specific miRNA binding sites thus enhancing or impairing
miRNA-mediated gene regulation. Additional detailed analysis of non-coding mutations
in cancer integrated with a focus on miRNA binding sites will be required to ascertain if

this is a commonly occurring mechanism in cancer.

This review summarizes the current progress in the understanding of the complex
network of miRNAs involved in wild-type and mutant p53 signalling and major

outstanding issues are highlighted below.
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7. Outstanding questions

1)

2)

3)

4)

5)

6)

Since AGO2 is an essential for miRNA stability and miRNA targeting activity,
how does the interaction between p53 and AGO?2 affect global miRNA

expression and function?

Several miRNAs play dual roles in p53 regulation according to the function of
their target genes. What is the cancer molecular context that determines the

impact of these miRNAs on p53 function?

Several miRNAs are reported to target proteins involved in p53 regulation, but
there is no direct evidence showing their impact on p53 protein level and
activity. The identity of these miRNAs and their targets and in what context

they influence p53 signalling is yet to be resolved.

There are overlaps in the mechanisms and pathways between the regulation of
wild-type and mutant p53s with numerous miRNAs reported to be directly or
indirectly involved. The current studies of these miRNAs do not
comprehensively investigate the impacts across both wild-type and the different
mutant p53s. How do the regulatory effects of these miRNAs crosstalk between
wild-type and mutant p53 and how do they influence p53 related cellular

functions when the p53 status is different?

Do the cancer mutations in the p53 3°’UTR as reported by Li et al. (Li, Gordon
et al. 2013) create novel binding sites for miRNAs that is not previously

predicted to target p53?

The p53 3’UTR mutation was proposed as a self-defence mechanism during
oncogenesis of DLBCL (Li, Gordon et al. 2013). How frequent and broadly

does occur across different cancers and what is the impact on cancer prognosis?
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1.5. The regulation of Androgen Receptor (AR) signalling pathways by miRNAs in

prostate cancer

1.5.1. Prostate cancer

Prostate cancer (PCa) is a type of carcinoma originating in the prostate. Prostate
cancer is the most common male cancer diagnosed and the second most common cause
of male cancer death in Australia (Table 1.2). By 2017, it is estimated that more than
185,000 Australian men will be living with PCa [114]. 90% of patients are diagnosed at
an early stage that only presents as local disease; the 5-year-survival of these patients is
nearly 100%. However, a small minority of patients are diagnosed with metastatic
prostate cancer, and an additional subset of patients (~30%) fail therapy for localised
disease and progress to metastatic disease. For these men, the 5-year-survival rate is less

than 30% [115].

The diagnosis of prostate cancer is mainly based on the microscopic assessment of
a biopsy, which is requested after an abnormal serum prostate specific antigen (PSA)
measurement or digital rectal exam. PSA is a kallikrein-like serine protease encoded by
Kallikrein Related Peptidase 3 (KLK3) gene and produced exclusively by prostatic
epithelial cells. The serum level of PSA has been recognized as a biomarker of PCa and
is broadly used in PCa detection [116]. Assessment of the biopsy provides a primary and
secondary Gleason grade based on the histological pattern of the prostate tissue. The
Gleason grading system is used to determine prognosis by dividing prostate cancer into
5 strata [117]. MRI imaging can also be used to identify potential lesions in the prostate,

which can allow better targeting of subsequent biopsies [118].
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Table 1.2. The ten most commonly diagnosed cancers(a) among males and all
persons, Australia, 2009 [119].

Males Persons

Cancer type New Crude Per Cancer type New Crude Per
(ICD-10-AM code) cases rate™ cent™ (ICD-10-AM code) cases rate™ cent'
Prostate (C61) 21,808 201.2 329 Prostate (C61) 21,808 100.1 18.8
Bowel (C18-C20) 7,848 72.4 11.8 Bowel (C18-C20) 14,214 65.3 12.3
Melanoma (C43) 6,571 60.6 9.9 Breast (C50) 13,855 63.6 12.0
Lung (C33-C34) 6,062 559 9.1 Melanoma (C43) 11,264 51.7 a7
Non-Hodgkin 2,447 226 3.7 Lung (C33-C34) 10,241 47.0 8.8
Lymphoma

(C82-C85)

Kidney (C64) 1,773 16.4 27 MNon-Hodgkin 4,367 20.1 38

Lymphoma (C82-
C85)

Bladder (C&T7) 1,727 15.9 26 Kidney (C64) 2,762 12.7 24
Unknown primary 1,386 12.8 21 Unknown primary 2,696 124 2.3
site (C80) site (C80)

Pancreas (C25) 1,327 12.2 2.0 Pancreas (C25) 2,567 1.8 22
Stomach (C16) 1,289 11.9 1.9 Bladder (CB7) 2,344 10.8 2.0
Other 14,122 121.1 19.8 Other® 29,779 136.7 257
Total 66,360 612.4 100.0 Total 115,897 532.2 100.0

(a) Most commonly diaE_nosed for males and for all persons, excluding basal and squamous
cell carcinomas of the skin.

(b) Crude rates are based on the 2011 Census preliminary rebased estimated resident
population for 30 June 2009 and expressed per 100,000 males.

(c) Proportion of the total for each group (males and persons).

(ﬂ) Inlgludes all other cancers not listed, but excludes basal and squamous cell carcinomas of
the skin.

Source: AIHW Australian Cancer Database 2009
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The treatment for localized and metastatic PCa varies, taking into account the risk
of cancer and the side effects of treatment. For localized PCa, patients will have the
option to monitor cancer progress without treatment if detected with a lower Gleason
grade/score and PSA level [114, 120] (Table 1.3). For patients with localized PCa but
higher Gleason grade/score and PSA levels, surgical removal of tumour or radiation will
be recommended [117]. For patients diagnosed with metastatic disease and for the ~30%
of men who experience disease recurrence after surgery/radiation therapy, androgen
deprivation therapy (ADT) is the mainstay treatment. Most men respond to ADT initially
but, in all cases, the therapy fails and progresses to castration-resistant prostate cancer
(CRPC), which leads to poor prognosis with a median survival of only ~15-36 months
[115, 121]. CRPC is treated with second generation AR-targeting therapies (i.e.

Enzalutamide (MDV3100) and Abiraterone Acetate) [122] and chemotherapies.

Table 1.3. Recommended selection criteria for prostate cancer active surveillance
(adapted from ““Active Surveillance for Prostate Cancer: How to Do It Right” [123])

Table 2. Selection Criteria for Active Surveillance

Clinlcal Gleason Score Number of Positive
Stage PSA Level on Blopsy PSA Denslty Cores on Blopsy
University of Toronto[19] T1gfT2a 2 10-16ng/mL < 3+3=6 MI MI
Multicenter European study TcfT2a < 10 ng/mlL < 3+3=6 < 0.2 ng/mbfecm? 2
(PRIAS][21]
Johns Hopkins[20] Tic NI < 3+3=6 < 016 ngfmlfer? 2
Canary Collaboration[49] TIT2 Any <7 Any Any

NI = not indludad; PRIAS = Prostate Cancer Resaarch Intarnational Active Surveillance; PSA = prostate-specific antigan.
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1.5.2. AR signalling in prostate cancer

1.5.2.1. AR

The androgen receptor (AR), is a member of the hormone receptor superfamily and
a ligand-dependent transcription factor of 110kDa encoded by the AR gene on
chromosome X [124, 125]. The AR protein is composed of four functional domains: an
amino-terminal domain (NTD), containing transcriptional activation function-1 and 5
(TAUL and TAUb) [126, 127]; a carboxy-terminal ligand-binding domain (LBD) [126];
a DNA binding domain (DBD), which is highly conserved and responsible for AR-DNA
binding and homodimer formation via two zinc fingers [128]; and a flexible hinge region

which joins the LBD and DBD and contains a nuclear localization signal [129].

As shown in Figure 6, AR is primarily located in the cytoplasm in association with
protective chaperone proteins [130]. When binding to its native agonists DHT and
testosterone, AR dissociates from the chaperone complex and translocates to the nucleus
where it regulates target genes. The translocation of AR is mediated by the hinge region
interacting with cytoskeletal proteins and importin-a. The nuclear AR, acting as a
homodimer, then recognizes androgen response elements within gene promoters and
enhancers via its DBD. The AR target genes contribute to cell proliferation,

differentiation and survival [131].

1.5.2.2. AR in prostate cancer

AR signalling has been found to be significantly reprogrammed in PCa compared

to normal cells [132]. During malignant transformation and cancer progression, AR-

80



regulated cell proliferation, survival and apoptosis becomes imbalanced due to the over-
expression or mutation of AR [133]. More than 85 AR mutations have been found in
CRPC, mostly being somatic mutations with single base substitutions in the LBD [134].
Evidence suggests that certain mutations in AR enable it to be activated by other steroids,
or be hypersensitive to androgen stimulation, which may explain the active AR

downstream signaling in androgen-independent PCa [135].

1.5.2.3. The regulation of AR

The expression and activation of AR is strictly regulated during development. The
primary regulator of AR is its ligands: in most organs, the transcription of AR is repressed
by high doses of androgens, whereas low doses increase the stability and phosphorylation
of AR, which allows AR signaling to be controlled in a self-regulating mechanism.
Interestingly, despite the native limitation of ligand binding, AR undergoing androgen
deprivation may also be activated in a ligand-independent manner. Several cell surface
receptors including EGFR, IL-6 and Her2/neu, as well as intracellular kinases such as
MAPK, SRC, PI3K/Akt and ERK, have shown the ability to activate or sensitise AR to

further downstream activation [136].

MiIRNAs also participate in post-transcriptional regulation of AR by directly
binding to the 3°’'UTR of AR mRNA. MiR-185 binds to the AR 3’UTR and reduces its
expression, consequently resulting in repression of AR-mediated tumorigenesis both in

vitro and in vivo [137]. Several other miRNAs have also been identified as direct
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regulators of AR and function as tumour suppressors, including miR-31, miR-654-5p,

miR-203/205, miR-488* and let-7c [138-143].

1.5.3. MiRNAs in prostate cancer

1.5.3.1. Tumour suppressor miRNAs in prostate cancer

MiRNAs have been found to be dysregulated in PCa, with some being described
as tumour suppressors. For example, the miR-200 family represses EMT and metastasis
in PCa via SNAL2, SLUG and PDGF-D pathways [144-146]. MiR-15/16 repress PCa
cell proliferation by targeting BCL2, CCND1 and CDK1/2 [84, 147, 148]. Both miR-
34a/c [149] and miR-205 [150] target AR signalling and inhibit AR-driven PCa
progression. Let-7 family members are often down regulated in PCa and can repress PCa
cell growth by targeting CCND2 and E2F2 [151]. Moreover, by targeting MYC and
LIN28, let-7c is also able to down-regulate AR expression and repress cancer

development [143].

1.5.3.2. OncomiRs in prostate cancer

MiR-106b-25 and miR-153 are upregulated in PCa and facilitate oncogenesis by
targeting PTEN and FOXO1. Several miRNAs that are androgen-regulated have shown
the ability to promote PCa progress as oncomiRs. MiR-21 is an androgen-regulated
miRNA that functions as an oncogene. Inhibition of miR-21 leads to higher sensitivity
to apoptosis and less invasion by PC3 and DU145 cells, which may be mediated by its
target genes MARCKS, BTG2, PTEN, RECK and PDCD4 [152]. MiR-221 and miR-222

are also upregulated by AR and induce androgen-independent growth in vitro and in vivo
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by targeting p27kipl, HECTD2 and RAB1A [153-155]. MiR-125b targets and down-
regulates the tumour suppressor p53, and inhibition of miR-125b induces profound
growth blockade in PCa [88]. MiR-32 is another androgen regulated miRNA that is
elevated in PCa and inhibits cell apoptosis by targeting BIM [156]. Other miRNAs that
are upregulated by AR and function in cell growth, invasion and survival, include miR-
141, miR-23a/27/24-2 miR-19a and miR-133b [157-159]. These androgen-activated
oncomiRs in PCa highlight that the involvement of AR in gene regulation also occurs at

the post-transcriptional level.

1.5.4. miR-375 in prostate cancer

MiR-375 is a miRNA that is positively correlated with androgen receptor levels
during DNMT induced methylation [160]. As a potential biomarker of PCa, miR-375 has
been found to be very highly expressed in tumours and serum from patients with prostate
cancer [161-165]. My supervisor’s group has shown that circulating miR-375 levels are
elevated in PCa metastasis patients compared to primary PCa patients, and can be used
as a biomarker and improve the prediction of PCa status when combined with serum PSA
levels [166]. Moreover, by targeting Sec23A and CIC, miR-375 functions as an oncogene
in PCa [164, 167-169]. However, miR-375 increased apoptosis and reduced the invasion
and survival of PC3 and 22Rv1 cells [170]. By targeting YAP1, miR-375 also represses
PCa cell invasion while serum levels of miR-375 positively correlate with circulating
tumour cells, suggesting a dual role of miR-375 in PCa [171]. Therefore, the precise role

of miR-375 in PCa remains to be clarified.
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1.6. Overall aims and research questions

With the background in mind, my PhD aims to investigate how oncogenes and
tumour suppressors are regulated by miRNAs, and how this regulation influences the

development and progression of cancer.

Each of the chapters investigates a distinct cancer-associated miRNA: mRNA
regulation event. In Chapter 2, | identify miR-766-mediated regulation of p53; in
Chapter 3, I investigate how miR-9 differentially regulates mutant and wild-type p53;
and in Chapter 4 | uncover an AR-miR-375 regulatory feedback interaction that

influences prostate cancer growth.
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Preface

This chapter presents the work aiming to investigate miRNA-mediated regulation
of p53. In this chapter, miR-766 is identified as a novel positive regulator of wild-type
p53 by directly targeting MDM4. MiR-766 is also found to inhibit cell proliferation and
G2/M transition in multiple cancer cells, and positively correlate with p53 downstream
targets in lung cancer patients (data from TCGA). This work first identifies miR-766 as

a tumour suppressor by enhancing the downstream signalling of p53.

This chapter is presented as a manuscript prepared for submission to a journal for

publication.

Contribution of the candidate: All figures, all tables and the manuscript writing.

99



Statement of Authorship

Title of Paper

MIiR-766 induces p53 accumulation and G2/M arrest by directly targeting MDM4

Publication Status

¥ Published I~ Accepted for Publication

~ Unpublished and Unsubmitted work written in

[~ Submitted for Publication manuscript style

Publication Details

L

Published paper.
Wang, Q., L.A. Selth, and D.F. Callen, MiR-766 induces p53 accumulation and G2/M
arrest by directly targeting MDM4. Oncotarget, 2017. 8{18): p. 29914-29924.

Principal Author

Name of Author

{Candidate)

Principal

Qingging Wang

Contribution to the Paper

Designed and conducted all the experiments and analysis in this work,
interoperated the data and wrote the manuscript.

Overall percentage (%)

80%

Certification:

Signature

Co-Author Contributions

This paper reports on original research | conducted during the period of my Higher
Degree by Research candidature and is not subject to any obligations or contractual
agreements with a third party that would constrain its inclusion in this thesis, | am
the primary author of this paper.

[oate [23 /08 /2017

By signing the Statement of Authorship, each author certifies that:
i. the candidate’s stated contribution ta the publication is accurate (as detailed above);

ii. permission is granted for the candidate in include the publication in the thesis; and
iii. the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Luke Selth

Contribution to the Paper

Signature

Supervised the progress of the work, helped with data interpretation and
manuscript preparation.

IDate | 23’/?/{7

Name of Co-Author

David Callen

Contribution to the Paper

Signature

Supervised the progress of the work, helped with data interpretation and
manuscript preparation.

i

/
[ [ 27o5] 17

100



Abstract

p53, a transcription factor that participates in multiple cellular functions, is
considered the most important tumor suppressor. Previous evidence suggests that post-
transcriptional deregulation of p53 by microRNAs contributes to tumorigenesis, tumor
progression and therapeutic resistance. In the present study, we found that the microRNA
mMiR-766 was aberrantly expressed in breast cancer, and that over-expression of miR-766
caused accumulation of wild-type p53 protein in multiple cancer cell lines. Supporting
its role in the p53 signalling pathway, miR-766 decreased cell proliferation and colony
formation in several cancer cell lines, and cell cycle analyses revealed that miR-766
causes G2 arrest. At a mechanistic level, we demonstrate that miR-766 enhances p53
signalling by directly targeting MDM4, an oncogene and negative regulator of p53.
Analysis of clinical genomic data from multiple cancer types supports the relevance of
miR-766 in p53 signalling. Collectively, our study demonstrates that miR-766 can

function as a novel tumor suppressor by enhancing p53 signalling.
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Introduction

p53 is a nuclear phosphoprotein encoded by the TP53 gene (Isobe, Emanuel et al.
1986) that is widely recognized to be the most important tumor suppressor in the cell. As
a transcription factor, p53 responds to various stresses and activates multiple pathways
including apoptosis, cell cycle arrest and DNA repair — hence its designation as the
“guardian of the genome”. Recent studies reveal diverse additional functions of p53,
including functions in cell stemness (Park, Lee et al. 2015), epithelial-mesenchymal
transition (EMT) and tumor metastasis (Chang, Chao et al. 2011; Schubert and Brabletz
2011), tumor angiogenesis (Chakraborty, Adhikary et al. 2014) and cellular senescence
(Burns, D'Ambrogio et al. 2011). Given its critical role as a tumor suppressor, it is not
surprising that TP53 is frequently mutated in cancer. Indeed, mutation of this gene occurs
in over 50% of cancers (Levine 1997), enabling malignant cells to escape wild-type p53-

dependent growth inhibition and cell death.

The expression and activity of p53 is tightly regulated by, amongst other
mechanisms, ubiquitination, phosphorylation and nuclear/cytoplasmic translocation.
Two key negative regulators of p53 are MDM2 and MDM4. MDM2 is a specific E3
ligase for p53, promoting its polyubiquitination and subsequent degradation by the
proteasome (Honda, Tanaka et al. 1997; Nag, Qin et al. 2013). MDM4, through its BOX1
domain, binds directly to p53 and inhibits its activity (Shvarts, Steegenga et al. 1996;
Stad, Ramos et al. 2000). MDM4 also interacts with MDM2 directly (Sharp, Kratowicz
et al. 1999; Tanimura, Ohtsuka et al. 1999) to enhance MDM2-mediated ubiquitination

and p53 degradation (Linares, Hengstermann et al. 2003).
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MicroRNAs (miRNAs), small non-coding RNAs that negatively regulate gene
expression by binding to complementary sequences in their targets (Bartel 2004), have
been shown to play an important role in the post-transcriptional regulation of p53. For
example, several miRNAs and miRNA families directly regulate p53, including miR-
125b (Le, Teh et al. 2009), miR-504 (Hu, Chan et al. 2010), miR-380-5p (Swarbrick,
Woods et al. 2010), miR-25 and miR-30d (Kumar, Lu et al. 2011). Other miRNASs can
upregulate p53 expression and activity by targeting MDM2 and MDM4. For example,
miR-34a directly targets MDM4 by binding to a site in its open reading frame (ORF)
(Mandke, Wyatt et al. 2012; Okada, Lin et al. 2014). Interestingly, miR-34a is also a
downstream target of p53 (Chang, Wentzel et al. 2007; Raver-Shapira, Marciano et al.
2007; Hermeking 2009), and therefore represents a positive feedback loop for p53
through MDM4 inhibition. Similarly, miR-605, miR-192 and miR-215, which directly
target MDM2, are also downstream targets of p53 (Xiao, Lin et al. 2011). Moreover,
miR-339-5p (Jansson, Damas et al. 2015) and miR-661 (Hoffman, Bublik et al. 2014)
also promote p53 activity and stabilities by targeting MDM2 and/or MDM4, while miR-
122 (Fornari, Gramantieri et al. 2009), miR-885-5p (Afanasyeva, Mestdagh et al. 2011)
and miR-542-3p stabilise p53 in cancer cells by disrupting MDM2-mediated p53

degradation (Wang, Huang et al. 2014).

MiR-766-3p (MiR-766) is a microRNA residing within an intron of the SEP6 gene.
Several studies indicated that miR-766 expression was highly expressed in cutaneous
squamous cell carcinoma biopsies (Sand, Skrygan et al. 2012), lung adenocarcinoma
(LUAD) (Li, Shi et al. 2014) and acute promyelocytic leukemia cells (Liang, Li et al.
2013). In this present study, we analyzed small RNA sequencing data from The Cancer
Genome Atlas (TCGA) and identified miR-766 as a putative post-transcriptional

103



regulator of p53. We demonstrated that miR-766 stabilised p53 by targeting the 3’UTR
of MDMJ4, leading to repression of cell growth and cell cycle arrest in cancer cells and
enhancing the p53 signalling pathway. Overall, our study indicates that miR-766 is a new

and important regulator of p53-dependent tumor suppression.
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Results

MiR-766 induces wild-type p53 protein accumulation and cell growth repression.

We analyzed small RNA deep sequencing data of breast cancer tumors expressing
wild-type p53 (228 tumors) or missense p53 (57 tumors) downloaded from TCGA.
Compared to tumors with wild-type p53, miR-766 was elevated in mutant p53 tumor
samples (Supplementary Figure 1A). More data was collected from TCGA across
different cancer types (including hepatocellular carcinoma, lung squamous cell
carcinoma, lung adenocarcinoma, colon adenocarcinoma, stomach adenocarcinoma and
ovarian serous cystadenocarcinoma), and a trend of increased miR-766 expression in p53
mutant groups was found (Supplementary Figure 1B). Given that highly expressed wild-
type p53 induces cell proliferation arrest or cell programmed death, cancer cells tend to
suppress factors that activate it (Hoffman, Bublik et al. 2014). We hypothesized that the
down-regulation of miR-766 in wild-type p53 tumors compared to mutant p53 may

indicate a potential connection between miR-766 and p53 function.
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Supplementary Figure 1. A, Small RNA deep sequencing data of 228 breast cancer
tumours expressing wild type p53 and 57 breast cancer tumours expressing mutant
p53 were downloaded from TCGA; B, Small RNA deep sequencing data were
downloaded from TCGA, including hepatocellular carcinoma (310 expressing wild
type p53, 114 expressing mutant p53), lung squamous cell carcinoma (141 expressing
wild type p53, 382 expressing mutant p53), lung adenocarcinoma (308 expressing
wild type p53, 253 expressing mutant p53), colon adenocarcinoma (337 expressing
wild type p53, 70 expressing mutant p53), stomach adenocarcinoma (253 expressing
wild type p53, 177 expressing mutant p53) and ovarian serous cystadenocarcinoma
(184 expressing wild type p53, 277 expressing mutant p53). (* p<0.05, **p<0.01,
*** n<0.001).

106



To test this hypothesis, we ectopically over-expressed miR-766 in a panel of wild-
type p53 cancer cell lines derived from breast cancer, lung cancer and sarcoma
(Supplementary Figure 2) to observe its effect on p53 levels. In all cell lines examined,
we observed increased p53 protein levels following transfection of miR-766 mimic
(Figure 1A). Conversely, inhibition of miR-766 using an LNA inhibitor reduced p53
protein in SBC3 and U20S cells, further supporting the concept that this miRNA
maintains p53 expression (Figure 1B). To determine if these effects were transcriptional
or post-transcriptional, p53 mRNA was measured following miR-766 over-expression in
MCF10A, SBC3 and U20S cells. No significant change in p53 mRNA was observed
(Supplementary Figure 3), suggesting that p53 protein levels were increased by miR-766

at a post-transcriptional level.
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Figure 1. MiR-766 upregulates p53 expression and blocks cancer cell growth. (A)
Whole protein lysates were collected 24 and 48 hours following transfection with
mMiR-766 mimic or a “scramble” control miRNA mimic. p53 protein levels were
detected by Western blotting (B-Actin was used as a loading control). (B) Whole
protein lysates were collected 24 and 48 hours following LNA miR-766 inhibitor or
LNA control transfection. p53 protein levels were detected by Western blotting (-
Actin was used as a loading control). (C) Cell proliferation was determined by Cell-
TiterGlo Assay from in U20S, SBC3 and MCF10A cells following transfection with
mMiR-766 mimic or a “scramble” control miRNA mimic. (D) Colony formation assay
was performed on U20S, SBC3, MCF7 and MCF10A cells following transfection
with miR-766 mimic or a “scramble” control miRNA mimic. (E) Cell proliferation
was determined by Cell-TiterGlo Assay in SBC3 cells following transfection with
LNA miR-766-inhibitor or LNA control. Colony formation assay was performed on
SBC3 cells following transfection with LNA miR-766-inhibitor or LNA control. (F)
Soft agar colony formation assay was performed using miR-766 mimic transfected
SBC3 and U20S cells in 0.7%-0.3% agar gel and incubated for 3 weeks. For all
assays, p values (* p<0.05, **p<0.01, *** p<0.001) were determined by Student’s
t-test.
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Supplementary Figure 3. MCF10A, SBC3 and U20S cells were transfected with
miR-766 mimic and scramble. Total RNA was collected 24 and 48 hours after
transfection and p53 MRNA levels were detected by real-time PCR, results

normalized by GAPDH.
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We next asked whether the miR-766-mediated increase in p53 protein was
associated with enhanced p53 cellular activity. Cell proliferation assays demonstrated
that the growth of MCF10A, SBC3 and U20S cells was significantly suppressed after
ectopic over-expression of miR-766 (Figure 1C). Moreover, using a colony formation
assay, we found that miR-766 decreased colonogenesis in MCF10A, SBC3 and U20S
cells (Figure 1D). Conversely, inhibition of miR-766 using an LNA inhibitor increased
cell proliferation and colony formation of SBC3 and U20S cells (Figure 1E). A soft agar
colony formation assay was used to further investigate the anti-growth capacity of miR-
766. As shown in Figure 1F, the ability of SBC3 and U20S cell lines to generate spheres
was significantly impaired after miR-766 over expression in both S. Collectively, these
data reveal that miR-766 increases wild-type p53 levels, resulting in reduced cell

proliferation and colony formation.

MiR-766 promotes G2/M arrest in U20S and SBC3 cells.

To further explore the biological function of miR-766, flow cytometry was used to
analyze its impact on cell cycle regulation. We observed a significantly increased
proportion of cells in G2 phase 48 hours after miR-766 mimic transfection in U20S and
SBC3 cells (Figure 2A). Specifically, the proportion of cells blocked at the G2/M
checkpoint increased from 17.9% to 33.8% in U20S cells and 8.6% to 18.1% in SBC3
cells. Conversely, a decrease of G2 phase cells was observed in U20S (24.1% to 14.3%)

and SBC3 (16.4% to 9.9%) cells after miR-766 inhibition (Figure 2B).
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To detect molecular alterations in the p53 pathway associated with changes in miR-
766 expression, we characterized the mRNA levels of GADD45A, SFN and GEST1 genes
(as these genes are p53 downstream targets involved in cell cycle regulation) following
transfection of miR-766 mimic. As expected, all of these genes were significantly
induced by miR-766 (Figure 2C), which is consistent with observed increased expression

of p53 and G2/M phase.
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Figure 2. miR-766 is positively correlated with active p53 signalling. (A-B) Cell cycle

profiles were analyzed through PI staining in U20S and SBC3 48 hours after (A) miR-

766 over-expression and (B) miR-766 inhibition. (C) Total RNA was collected from

SBC3 and U20S cells following transfection with miR-766 mimic or a “scramble”

control miRNA mimic. GADD45A, SFN and GSTEL1 mRNA levels were detected by

gRT-PCR (normalized using GAPDH). Results are the average of three independent

experiments. p values (* p<0.05, *** p<0.001) were determined by Student’s t-test.
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(D) MiR-766 is positively correlated with p53 signalling in lung cancer, as determined
by gene set enrichment analysis. The correlation between expression levels of miR-
375 and 20,531 genes was calculated using matched miRNA and mRNA data from
102 lung tumors. Genes were subsequently ranked according to Pearson correlation
coefficient (r) value (shown by a heat map), and GSEA (Preranked analysis) was
implemented using the Broad Institute’s public GenePattern server, using default

parameters.
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To explore the association between miR-766 and p53 signalling in clinical samples,
we utilized gene set enrichment analysis (GSEA). By analysing lung cancer samples from
TCGA, we identified a positive association between miR-766 expression and genes
upregulated by p53 in 3 distinct gene sets, and a negative association between miR-766
and genes down-regulated by p53 in one gene set (Figure 2D). These associations further

support the concept that miR-766 enhances p53 activity in cancer.

MDM4 is a direct target of miR-766

Since target genes of miRNAs are expected to be downregulated, we speculated
that miR-766 may directly target one or more negative regulators of p53. The online
miRNA target prediction tool miRDB.org lists 5 putative binding sites for miR-766 in
the 3 UTR of MDM4 mRNA (Figure 3A). To validate this potential interaction,
sequences carrying the predicted miR-766 recognition sites were cloned downstream of
luciferase and used for reporter assays. Sites 2, 3 and 4 were strongly repressed by miR-
766, site 5 weakly, and site 1 was not regulated (Figure 3B). Having confirmed a direct
interaction between miR-766 and sites in the MDM4 3°UTR, we subsequently transfected
cells with miR-766 mimic and measured MDM4 expression. As shown in Figure 3C and
3D, miR-766 over-expression reduced both MDM4 protein and mRNA levels 48 hours
in MCF10A, SBC3 and U20S cells. Conversely, miR-766 inhibition with an LNA

increased MDMA4 protein (Figure 3C).
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Figure 3. MDM4 is a direct target of miR-766. (A) Putative miR-766-binding
sequence in the 3'UTR of MDM4 mRNA. (B) Luciferase reporter assays 48 h after
transfection with miR-766 mimics and reporter plasmids. Results are the average of 3
independent experiments. p values (* p<0.05, *** p<0.001) were determined by
determined by unpaired t tests. (C) MCF10A, U20S, SBC cells were transfected with
miR-766 mimic or LNA miR-766-inhibitor and control. Whole protein lysates were
collected 24 and 48 hours after transfection and p53 and MDM4 protein levels were
detected by Western blotting (B-Actin was used as a loading control). (D) Total RNA
was collected after miR-766-mimic transfection in U20S and SBC3 cells. MDM4
MRNA levels were detected by gRT-PCR (normalized using GAPDH). Results are the
average of 3 independent experiments. p values (* p<0.05, *** p<0.001) were
determined by Student’s t-test. (E-F) SBC3 and 16HBE (E) and H1299 (F) cells were
transfected with miR-766 mimic and a scramble control. Whole protein lysates were
collected 24, 48 and 72 hours after transfection and p53 and MDM4 protein levels

were detected by Western blotting (B-Actin and a-tublin were used as loading controls).
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To confirm the specificity of MDMA4 targeting by miR-766, an unrelated miRNA,
miR-375, was used as an additional negative control (Supplementary Figure 4). Finally,
to further validate the activity of miR-766, we assessed its effect on the expression of a
previously reported target gene, BAX (Liang, Li et al. 2013): as expected, miR-766

caused a significant reduction of Bax protein (Supplementary Figure 5).

To further assess the relevance of the miR-766-MDM4 interaction in p53 signalling,
we employed the 16HBE lung epithelial cell line, which expresses wild-type p53 but very
low levels of MDM4 compared with SBC3 (Figure 3E). Although MDM4 was down-
regulated by miR-766 in this line, there was no effect on p53, which can be explained by
the very low basal levels of MDM4, while p53 was strongly increased in SBC3 following
MDMA4 inhibition. Considering the negative feedback regulation of the p53-MDM2-
MDM4 axis (Gu, Kawai et al. 2002), we also examined miR-766-mediated targeting of
MDM4 in a p53-negative line, H1299, to exclude the possibility that the change in
MDM4 after miR-766 over expression was a result of p53 accumulation (Figure 3F).
Although MDM4 protein was low in general in this model system, it was further reduced

by miR-766 transfection, verifying the direct link between these two factors.
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Supplementary Figure 5. MCF10A, U20S and SBC3 cells were transfected miR-766
mimic and scramble as control. Cell lysis was collected 48 hours after transfection and

protein levels were detected by western blot. A-tublin was used as loading control.
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To validate the impact of MDM4 knockdown in our model systems, U20S and
SBC3 cells were transfected with MDM4 siRNA. Consistent with our hypothesis,
knockdown of MDM4 (Figure 4A) pheno-copied miR-766 over expression: more
specifically, it induced significant cell growth repression (Figure 4B), decreased soft agar

colonogenesis (Figure 4C) and caused an increase in G2/M phase cells (Figure 4D).

To further validate the biological relevance of the miR-766-MDM4-p53 regulatory
pathway, a vector expressing the MDM4 cDNA without its 3'UTR was constructed.
Since expression of MDM4 protein from this vector would be independent of miR-766,
it was used in “rescue” experiments. Over-expression of MDM4 reversed both G2/M
arrest (Figure 4E) and p53 accumulation (Figure 4F) induced by miR-766 over
expression in SBC3 cells. This experiment confirms that MDM4 is likely to be the key

target by which miR-766 enhances the p53 signalling pathway.

120



SBC3 u20s
1 0.52 1 0.64
MDM4— — 80kDa
a-tublin— | . - — 50 D2
o D( AN ™
o O
& & R
X X
N\ Q9 & Q
& <O
& & & 8
o J— SBC3 2 S0 u20s
® % K
5 25000 *xE 5 25000 7
@ 20000 Y 2000
g 15000 5 15000
[¥) u
v 10000 W 10000
Q [
£ soo0 £ so00
E o E o
3 D1 D2 D3 D4 El D1 D2 D3 D4
- -
—si control —si MDM4 —si control —si MDM4
SBC3 in soft agar U20S in soft agar
150 . 80
: E
3 60
2100 . e
> T > 40 **
£ £ ——
% 220
5} 3]
Q o 0
siRNA  siRNA siRNA  siRNA
control MDM4 control MDMA4
SBC3 u20s
- %G1: 39.820.7 o %G1: 42.9+0.8
o £ 2
5,0 %S: 6.0£0.4 @ %5: 5.5£0.3
C = -
G %G2: 14.940.7 g %G2: 18.5:4.9
<3 o
2
o
w
FL2-H 1024 FL2-H 1024
< & %G1: 32.040.4 o %G1: 39.8£2.3
s @ B
I , .
8 a %5: 4.7£1.2 E %S: 6.2£1.5
25 %G2: 21.441.7 g %G2: 30.3£1.0
g3 1w
2
o
@
FL2-H 1029 FL2-H 1024
50 50
40 40
* %
30 e WHGL 4 - B%G1
20 %S 20
10 W%G2 19
o " N 0 . .
si control si MDM4 si control si MDM4

%S
W %G2

1024

Events

Events .

0

0

80
70
60
50
40
30
20
10

Persentage of total events

F

%G1: 62.211.7
%5 15.8+0.9
%G2: 22.3£2.0

1022

FL2-A
Scramble + vector

%G1:51.2+1.6
%5:17.3¢1.3
%G2: 31.441.9

FL2-A 102

%G1

%G1: 70.3£2.1
%5: 13.6£1.3

%G2: 16.010.8

Events .,

0

0 FL2-A 1073

Scramble + MDM4

Events 5,

0

1023

Vector + miR-766 mimic MDM4 + miR-766 mimic

# FL2-A

%S W%G2

LLLl;

Scramble Scramble Vector +

+ vector

MiR-766 mimic -

MDM4 -

MDM4 +
+ MDM4 miR-766 miR-766
mimic mimic
- + +
+ - +

p53—h—— — 53 kDa

B-actin — | e— — - — /3 kDa
MDM4 1 1.99 050 1.04
p53 1 0.64 1.45 0.85

121



Figure 4. MDMA4 is a biologically relevant target of miR-766. (A-D) SBC3 and U20S cells
were transfected with MDM4 siRNA, (A) whole protein lysates were collected 48 hours
after transfection, MDM4 protein levels were detected by Western blotting (a-tublin used
as loading control); (B) Cell proliferation was determined by Cell-TiterGlo Assay
following transfection; (C) transfected SBC3 and U20S cells were plated in 0.7%-0.3%
soft agar and incubated for 3 weeks; (D) Cell cycle profiles were analyzed through PI
staining 48 hours after transfection. Results are the average of three independent
experiments. p values (**P<0.01; *** p<0.001) were determined by Student’s t-test. (E)
SBC3 cells were co-transfected with miR-766 mimic and a MDM4 over-expression vector
or a control vector. Cell cycle profiles were analyzed through PI staining 48 hours after
transfection. Results are the average of three independent experiments. p values (**P<0.01,;
*** p<0.001) were determined by Student’s t-test. (F) Whole protein lysates were
collected from cells 48 hours after transfection as described in E. p53 and MDM4 protein

levels were detected by Western blotting (B-Actin was used as a loading control).
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Discussion

An increasing number of miRNAs have been recognized to participate in the post-
transcriptional regulation of p53 and its downstream pathways. In this study, we have
shown for the first time that miR-766 enhances p53 levels and signalling activity by
directly targeting the p53 repressor, MDM4. By targeting MDM4, miR-766 enhances

p53-mediated cell cycle arrest and repression of proliferation.

Cell cycle regulation is one of the core functions of p53. By transactivating
downstream targets of p53, including CDKN1A, GADD45A, SFN and GTSE1, p53
induces cell cycle arrest, primarily at the G1/S and G2/M check points (Brown, Boswell
et al. 2007). MiRNAs have been previously reported to participate in p53-related cell
cycle regulation. In our study, GADD45A, SFN and GTSE1 were significantly elevated
by miR-766. Given that GADD45A (Taylor and Stark 2001) and SFN (Hermeking,
Lengauer et al. 1997) function as inhibitors of G2/M progression, and GTSEL1 is a p53-
inducible gene that specifically delays the G2/M transition, we hypothesize that these

genes are involved in the observed cell cycle arrest mediated by miR-766 over-expression.

While a number of studies describing roles for miR-766 in different cancer types
have been published, overall its function in malignancy is poorly characterized. In acute
promyelocytic leukemia cells, miR-766 was reported to be down-regulated following
arsenic trioxide (As203) treatment, resulting in elevation of the miR-766 target BAX and
enhanced cell apoptosis (Liang, Li et al. 2013). In contrast, our study shows miR-766 is
a positive regulator of p53 via directly targeting MDM4, and participates in cell cycle
regulation. Interestingly, the BAX gene is also a downstream target of p53 (Miyashita and
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Reed 1995). This raises the interesting possibility that a miR-766-p53-Bax axis may exist
such that miR-766 maintains p53-mediated cell cycle regulation while concomitantly
suppressing Bax-induced cell death. MiR-766 has been shown to be upregulated in
colorectal cancer and to be associated with promotion of cell proliferation and anchorage-
independent growth by targeting SOX6 in the colorectal adenocarcinoma line SW480
(Li, Li et al. 2015). The results from this study define oncogenic roles to miR-766, which
contrasts with our findings. The frequency of p53 mutations in colorectal cancer is over
50%, and the cell line SW480 is p53 mutant. We speculate that miR-766 can function as
a tumor suppressor in a wild-type p53 environment but can switch to an oncomiR when

p53 is inactivated by mutation.

There are previous reports showing increased miR-766 expression in cancers. MiR-
766 was found to be significantly up-regulated in 7 pairs of cutaneous squamous cell
carcinoma biopsies (Sand, Skrygan et al. 2012) and 372 lung adenocarcinoma cases
correlating with late stage and poorer prognosis (Li, Shi et al. 2014). The status of p53
and MDM4 was not specified in those studies but it is known that the frequency of p53
mutations is high in both cutaneous squamous cell carcinoma (40%-50%) (Owens 2007)
and lung adenocarcinoma (63%) (Bian, Li et al. 2015). This knowledge, in combination
with our finding that miR-766 is elevated in p53-mutant cancers (Supplementary Figure
1) complicates the association between miR-766 and malignancy identified in the earlier
studies of lung adenocarcinoma (Li, Shi et al. 2014) and cutaneous squamous cell
carcinoma (Sand, Skrygan et al. 2012). We examined the association between miR-766
and cancer specifically in wild-type p53 tumours of multiple cancer types. While miR-
766 was upregulated in breast and liver, it was not significantly changed in stomach
cancer and was down-regulated in lung adenocarcinoma (Supplementary Figure 6). With
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Supplementary Figure 6. Small RNA deep sequencing data of different cancers
expressing wild type p53 were downloaded from TCGA and matched with normal tissue
from the same patient, including breast cancer (65 patients), lung adenocarcinoma (21
patients), hepatocellular carcinoma (36 patients), and stomach adenocarcinoma (33

patients) (* p<0.05, **p<0.01, *** p<0.001).
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our new findings in mind, the links between miR-766 and malignancy, and hence its
previous designation as an oncomiR (Liang, Li et al. 2013; Li, Li et al. 2015), are

ambiguous.

Since miRNAs have multiple targets, their roles in normal biology and disease are
highly context-dependent. Indeed, many examples exist where specific miRNAs have
dichotomous functions in different tissues or disease states (Yi, Wang et al. 2012). With
this concept in mind, what our study does conclusively indicate is that p53 status will
influence the biological functions of miR-766 in tumours. Specifically, miR-766 can
target MDM4 and thereby act as a tumor suppressor when MDM4 levels are high, but
fails to regulate p53 levels or activity in cells with low expression of MDM4. Thus, in
contexts where MDM4 levels are low, or in mutant p53 tumors where the normal
transactivation activities of p53 are compromised, miR-766 may potentially exhibit
oncogenic behaviour. Having said that, we failed to observe any significant impact on
either p53 level or cell proliferation after miR-766 over expression in p53 mutant cell
lines (H2009 expressing p53R273L and MDA-MB-468 expressing p53R273H)

(Supplementary Figure 7).
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Supplementary Figure 7. H2009 and MDA-MB-468 cells were transfected miR-766
mimic and scramble as control. A, Cell lysis was collected 48 hours after transfection
and protein levels were detected by western blot. A-tublin was used as loading control;
B, cell proliferation was determined by Cell-TiterGlo Assay from in H2009 and MDA-

MB-468 cells.
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MiR-766 was reported to increase in esophageal carcinoma cell lines following 5-
fluorouracil treatment (Hummel, Wang et al. 2011). 5-fluorouracil is known to induce
the accumulation of p53 and thereby activate p53 dependent pathways (Ju, Schmitz et al.
2007). Thus, we speculate that in addition to the known mechanism of p53 stabalization
via MDM2 due to its activation of DNA damage pathways, miR-766 is up-regulated and
this also contributes to stabilization of p53 via modulation of MDMA4. In normal cells,
elevated miR-766 levels can provide an additional mechanism that contributes to the
stabilization of p53 after external insults. However, in cancer, this function of miR-766
is absent where p53 is mutated or through disruption of other pathways, resulting in miR-
766 engaging in alternative functions, some of which may be oncogenic. Based on these
results, it is likely that high levels of miR-766 in the context of wild-type p53 may provide

an approach for identifying cancers with greater sensitivity to DNA damaging agents.

In summary, our study is the first to identify miR-766 as a novel p53 activator that
functions by targeting MDM4 and thereby enhancing the p53 signalling axis. We propose
that miR-766 could serve as a potential marker for MDM4 and wild-type p53 based

cancer therapies such as MDM4 siRNA and 5-fluorouracil treatment.
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Materials and methods

Cell lines and reagents

MCF10A, MCF7, HEK293T, MDA-MB468 and U20S cell lines were purchased
from the American Type Culture Collection (ATCC). Other sarcoma cell lines used were
supplied by G. Hamilton (University of Vienna, Austria) (TC252) and P. Ambros (St.
Anna Children’s Hospital, Austria) (STA-ET-1). SBC-3 and H2009 were kindly given
as a gift from Dr. Sandra Hodge (University of Adelaide, Australia). SBC 3 was
maintained in DMEM with 10% FBS, HEPES and PSG. H2009 was maintained in
RPMI-1640 with 10% FBS. All other cell lines were cultured as previously described

(Pishas, Al-Ejeh et al. 2011; Noll, Jeffery et al. 2012; Yu, Bracken et al. 2015).

Reverse-transcription PCR (RT-PCR) and real-time RT-PCR

RNA extraction from cells was performed using the RNAeasy mini kit (Qiagen,
Valencia, CA USA) and MIReasy mini kit (Qiagen). ND-1000 NanoDrop spectrometer
(Thermo Scientific, Wilmington, DE USA) were used to measure RNA concentration.
Total RNA and small RNA were reverse-transcribed into cDNA as previously described
using Moloney Murine Leukaemia Virus (M-MLV) Reverse Transcriptase (Promega,

Madison, WI USA) and random 6’mer primers (Promega) (Yu, Bracken et al. 2015).

To determine Real-time PCR reactions were performed using 1Q SYBR Green
Supermix (BioRad) on a BioRad iCycler (BioRad) as previously described (Pishas, Al-
Ejeh et al. 2011). Primers used for Real-time PCR were listed in table 2. Relative
expression levels of specific MRNAs were subsequently determined by the AACT

method and normalized with GAPDH (Primers see Supplementary Table 2.6.1).
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Supplementary Table 2.6.1. Primers used for real-time PCR

Gene Primer Sequence (5°-3”)

Forward TCTCGCTCTCGCACAGGATCACA
MDM4

Reverse AACCACCAAGGCAGGCCAGCTA

Forward AAAGGATGGATAAGGTGGGGG
GADD45A

Reverse TGATGTCGTTCTCGCAGCA

Forward CTGGACAGCCACCTCATCAA
SEN

Reverse GACGGAAAAGTTCAGGGCCA

Forward GGGAGAAGTTCGTGGAGGTG
GTSE1

Reverse ATTCCCTGGGCAAAGCATGA

Forward GGGCTCCGGGGACACTTTGCG
TP53

Reverse TGGCAGTGACCCGGAAGGCAGT

Forward AGCCTCCCGCTTCGCTCTCTGC
GAPDH

Reverse

ACCAGGCGCCCAATACGACCAAA
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Vector construction

For luciferase assay, MDM4 3°’UTR parts with miR-766 binding sites were
obtained by synthetic single chain oligo annealing (oligo sequences see Supplementary

Table 2.6.2), and were connected into psiCHECK?2 dual-luciferase vector (Promega).

For MDM4 over expression, pENTR223.1 with MDM4 cDNA clone was
purchased from Mybiosource. pcDNA3.2-DEST-MDM4 and control were constructed
using pcDNA™3.2/GW/D-TOPO® Expression Kit from Raman Sharma (University of

Adelaide, Australia) and pENTR223.1-MDM4.

Transient transfection

Asynchronously growing cells were seeded at 3 x 10° cells/well in six-well plates
or 1 x 10° cells/well in 24-well plates. Transfection of cells with 50 nM mimic miR-766
(Genepharma, Shanghai, CN) or 50 nM LNA anti-miR (EXIQON, Denmak) or 100nM
SiRNA (Sigma Aldrich) was performed using Lipofectamine RNAIMAX (Invitrogen,
CA, USA). Transfection of cells with 1ug/mL with psiCHECK?2 dual-luciferase reporter
vectors or pcDNA3.2-DEST-MDM4 and control was performed using Lipofectamine

2000 (Invitrogen).

Cell proliferation assay

Cells were plated at 1000 cells/well in 96-well plates 24 hours after transfection
and were cultured for 1, 2, 3, 4 and/or 5 days. On the indicated days, cells were incubated
with CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) and fluorescence

was measured by LUMIstar Galaxy luminometer (BMG Labtech).
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Supplementary Table 2.6.2 Oligo sequences for annealing

MIE-T66 Oligo Sequence

binding site

Binding site 1 | Forward | TCGAGTGAGAGACGGTCTCACTTTGTCATCCAAGCTGGAGTGCAGTGGTGCAAACACGGCCCACT
(3°-37 | TCCTGGGCTCGC
Beverse | GGCCGCGAGCCCAGGAGGTGGGCCGTGTTTGCACCACTGCACTCCAGCTTGGATGACAAAGTGAG
(3°-37 | ACCGTCTCTCAC

Binding zite 2 | Forward | TCGAGGACGGICTCACTTTGTCATCCAAGCTGGAGTGCAGTGGTGCAAACACGGCCCACCTCCTG
(3°-37 | GGCTCAAGTGGC
Eeverse | GGCCGCCACTTGAGCCCAGGAGGTGGGCOGTGTTTGCACCACTGCACTCCAGCTTGGATGACAAA
(3°-37 | GTGAGACCGTCC

Binding site 3 | Forward | TCGAGGACAGTICTCACTCTGTIGCCCAGGCTGGAGTGCAATGGUATGATCTCTGCTCACCGCAAC
(3°-37 | CTCTGCCTCCGC
Reverse | GGCCGCGGAGGCAGAGGTTGCGGTGAGCAGAGATCATGCCATTGCACTCCAGCCTGGGCAACAG
(3°-37 | AGTGAGACTGICC

Binding site 4 | Forward | TCGAGTACTTGAGATGGAGTTTTIGCTCTIGTCGCCCAGGCTGGAGTGCAGTGGAGTGATCTCGGCT
(5°-37 | CACTGCAACGC
Beverse | GGCCGCGTTGCAGTGAGCCGAGATCACTCCACTGCACTCCAGCCTGGGUGACAAGAGCAAAACTC
(5°-37 | CATCTCAAGTAC

Binding site 3 | Forward | TCGAGTAGACGGAGTCTCTCTCTGTICGCCCCGGUTGGAGTGCAGTGGOGCGATCTCGGUTCACTG
(3°-37 | CAACCTCCGC
Feverze | GGCCGOGGAGGTTGLAGTGAGCCGAGATCGCGCCACTGCACTCCAGCCGGGGUGACAGAGAGAG

(5737

ACTCCGTCTAC
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Cell clonogenic assay

500 cells were placed in 6-well plates 24 hours after transfection, and cultured in
complete medium for 10 days (MCF10A and SBC3) and 15 days (U20S). Colonies were

fixed with methanol, stained with 0.1% crystal violet, and counted.

Soft agar colony formation assay

15000 cells were mixed with 0.35% soft agar and placed in 6-well plates coated
with 0.7% soft agar 24 hours after transfection, and cultured for 3 weeks (SBC3) and 5
weeks (U20S). Colonies were fixed with ethanol, stained with 0.1% crystal violet, and

counted.

Cell cycle analysis

48 and 72 hours after transfections, cells were harvested and fixed as previously
described for cell cycle analysis (Neilsen, Noll et al. 2011). Fixed cells were stained with
100 pg/mL RNase A (Sigma Aldrich) and 50 pug/mL propidium iodide solution (Sigma
Aldrich) in PBS for 45 minutes at 37°C. DNA content was determined by a
FACSCalibur™ flow cytometer (BD, CA, USA). Cell cycle profiles were analyzed using

WinMDI v2.8 software (Scripps Research Institute).

Western blot and antibodies
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Western blot assay was performed as previously described (Yu, Bracken et al.
2015). Antibodies used include: mouse anti-p53 DO-1 (Santa Cruz Biotechnology, Santa
Cruz, CA), Rabbit anti-MDM4 (Bethyl Laboratories), mouse anti-BAX (Invitrogen),

mouse anti-a-tublin (Santa Cruz) and mouse anti-p-actin (Sigma Aldrich).

Luciferase assay

For the luciferase reporter assay, 293T cells were plated in a 24-well plate and then
cotransfected with 50 uM of either miR-766 mimic or negative control, and 1 ug of
psiCHECK2-MDM4-3’UTR-BS1, psiCHECK2-MDM4-3’UTR-BS2, psiCHECK2-
MDM4-3’UTR-BS3, psiCHECK2-MDM4-3°’UTR-BS4 or psiCHECK2-MDM4-
3’UTR-BS5, using Lipofectamine 2000 (Invitrogen). Cells were collected 48 h after
transfection and fluorescence was meassured using the Dual-Luciferase Reporter Assay
System (Promega). Both Renilla and Firefly luminescence were measured with a
GloMax 20/20 Luminometer (Promega). Renilla luciferase was used as an internal
control for any differences in transfection and harvesting efficiencies. Transfections were

performed in duplicate and repeated at least three times in independent experiments.

Gene set enrichment analysis

The Pearson correlation coefficient (r) between miR-766 and 20,501 genes was
calculated using sample matched miRNA and mRNA expression profiles from 102 wild-
type p53 lung tumors (data was obtained from the TCGA data portal). Genes were
subsequently ranked by r value. GSEA Preranked analysis was implemented using the
Broad Institute’s public GenePattern server, using default parameters and 3 distinct p53-

associated gene sets: the Kannan_TP53_Targets gene sets contain 58 up-regulated and
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24 down-regulated p53 gene targets; the Inga_TP53_Targets gene set contains 17 direct
p53 targets that were verified to be strongly activated following p53 expression; the

Hallmark p53 gene set covers a broader range of both direct and indirect targets of p53.

Statistical analysis

Data are presented as means + SD from at least three independent experiments.
Student’s t-test was performed using replicate values to compare between groups and
indicate significance. Values of p<0.05 were considered statistically significant (as

labeled as * in figures), while values of p<0.01 were labeled as ** and p<0,001 as ***.
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Chapter 3.

Overexpression of miR-9 leads to
mutation specific knockdown of

missense p53
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3.1. Preface

As introduced in chapter 1.4, mutant p53 is found in over 50% of human cancers
and presents as a highly stable protein. Certain missense p53 mutations have been
reported to have properties consistent with an oncogene due to an associated GOF
property. However, the regulation of missense p53 remains largely unclear. Our group
has been interested in the participation of miRNAs in the post-transcriptional regulation
of missense p53 and its influence in cancer. This part of the thesis investigates the
miRNA-mediated regulation of missense p53 and discusses the potential mechanism

behind our novel observation.
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3.2. Introduction

Somatic TP53 mutations have been broadly found in 50% of human cancers with
missense mutations in the DNA binding domain (DBD) as the most common
alternations to p53. Missense p53 loses its function as a tumour suppressor due to the
structural changes of the p53 protein [1], which may prevent the interaction between
the missense p53 and the normal targets of wild-type p53. Interestingly, missense p53
is also found capable of inducing selected wild-type p53 downstream targets via p63,
but unlike the transitory effect of wild-type p53, this missense p53-mediated induction
is constant in the cell [2, 3]. Moreover, some missense p53 mutations are found to gain
oncogenic functions (GOF) by trans-activating a set of downstream genes that are

different from wild-type p53 [4-6].

The mechanisms of post-transcriptional regulation of missense p53 are of
importance due to its oncogenic functions. Similar to wild-type p53, E3 ligase mediated
ubiquitination and degradation is the core mechanism of missense p53 regulation.
MDM2, CHIP, Pirh2 and COP1, the essential E3 ligases of wild-type p53, are also able
to ubiquitinate missense p53 [7, 8]. In contrast to wild-type p53, the MDM2-mediated
ubiquitination of missense p53 does not necessarily lead to rapid degradation of the
protein, which partially explains the stability of missense p53 in cancers [7, 9]. USP10,
on the other hand, is a deubiquitinating enzyme of both missense and wild-type p53 that
can help p53 evade the E3-ligase-mediated regulation [10]. Several genes have also
been revealed to regulate mutant p53, including Hsp90 [11, 12] and Hsp70 [13], which
protect missense p53 from CHIP mediated ubiquitination. However, overall the post-

transcriptional regulation of missense p53 is still unclear compared to wild-type p53.
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As discussed, miRNAs are extensively involved in the regulation wild-type p53
but there is also emerging evidence of participation in the regulation of missense p53.
There have been reports of miR-600s and miR-3158 directly targeting missense p53 in
colorectal and breast cancer cell lines [14, 15]. MiR-644 also regulates missense p53
indirectly by targeting CtBP1 in breast cancer [16]. However, the crosstalk of miRNA-

mediated regulation in mutant and wild-type p53 remains largely unexplored.

The MiR-9 family consists of three members: miR-9-1, miR-9-2, miR-9-3, which
are derived from three different locations in the human genome (chromosomes 1, 5 and
15) [17]. Initially, miR-9 was found to participate in neurogenesis by regulating the
survival and development of neuronal progenitor cells [18]. Latter studies reported
aberrant miR-9 levels in multiple cancers and suggested its involvement in human
cancers. Overexpression of miR-9 was found in primary brain cancer [19], lung cancer
[20, 21], lymphoma [22, 23] and breast cancer [24-26]. The high expression of miR-9
is associated with higher invasion ability and metastasis potential in these cancers.
Moreover, in 2016 a systematic meta-analysis reviewed the prognostic value of miR-9
in cancers and indicated overexpression of miR-9 could predict poor overall survival of

osteosarcoma, lung cancer and breast cancer [27].

In contrast, the opposite function of miR-9 was found in ovarian cancer [28, 29],
colorectal cancer [30] and renal clear cell carcinoma [31] with reduced expression of
miR-9 and a tumour suppressor behaviour in cancer cell proliferation and invasion.

Meta-analysis also suggested that overexpressed mir-9 was associated with good overall
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survival, and the low levels of tissue miR-9 could predict poor progression-free survival

in ovarian carcinoma patients [27].

In this chapter, our work identifies the distinctive expression patterns of miR-9 in
tumours expressing wild-type or missense p53 across different cancers, and observed
an opposite impact of miR-9 on missense p53 levels compared with wild-type p53 in
cell lines. This is the first report of a miRNA that can specifically regulate a particular
p53 mutation. This may challenge the current understanding of MiIRNA-mRNA
interactions. Hypothesises are proposed to provide a basis for this observation although

their confirmation will require further exploration in the future.
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3.3. Results
3.3.1. MiR-9 is aberrantly expressed in tumours expressing missense p53.

The previously described analysis of small RNA deep sequencing data from
TCGA revealed several miRNAs that showed ectopic expression in missense p53
tumours compared to wild-type p53 tumours (Chapter 2). MiR-9, including miR-9-1,
miR-9-2 and miR-9-3, was one of those miRNASs that presented significant elevation in
the missense p53 group of breast cancers (Figure 3.1A). Additional data from different
cancers was analysed, including lung squamous cell carcinoma, ovarian carcinoma,
renal clear cell carcinoma and colon cancer (Figure 3.1). MiR-9 showed the same trend
between missense and wild-type p53 in lung squamous cell carcinoma as in breast
cancer, but the difference was not significant (Figure 3.1A). By contrast, miR-9 was
downregulated in missense p53 tumours in ovarian carcinoma, renal clear cell

carcinoma and colon cancer (Figure 3.1B).

Considering the reported pro-metastasis role of miR-9 in breast cancer and lung
cancer and the anti-cancer function of miR-9 in the other three cancers, the trend of
miR-9 expression in the missense p53 group of both cancers suggests that there is a
potential link between miR-9 expression and p53 status relating to mutant p53 in cancer

progression in these cancers.
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Figure 3.1. Dysregulation of miR-9 expression levels in different cancers between
tumours expressing missense p53 and tumours expression wild-type p53. A, miRNA
expression profile of 1055 breast cancer samples (204 missense p53 tumours ,748
wild-type p53 tumours and 103 non-tumour samples with wild-type p53) and 372
lung squamous cell carcinoma samples (258 missense p53 tumours , 69 wild type p53
tumours and 45 non-tumour samples with wild type p53) was collected and analyzed.
B, miRNA expression profile of 359 ovarian carcinoma samples (175 missense p53
tumours and 184 wild type p53 tumours), 509 renal clear cell carcinoma samples (9
missense p53 tumours and 500 wild type p53 tumours) and 899 colon cancer samples
(122 missense p53 tumours and 777 wild type p53 tumours) was collected and
analyzed. p values (* p<0.05, ** p<0.01, *** p<0.001) were determined by

Student’s t-test.

146



3.3.2. Overexpression of miR-9 induces accumulation of wild-type p53

To explore the link between miR-9 expression and p53 mutation status, we first
investigated the impact of miR-9 on wild-type p53. Three cancer cell lines (MCF10A,
SBC3 and U20S) expressing wild-type p53 (Table 3.1) were transfected with miR-9
mimic or a negative control. A significant increase of wild-type p53 protein level was
observed in all three cell lines upon ectopic expression of miR-9. The increased wild-
type p53 activity in these cells was measured by induction of MDM2 and p21, the

classic down-stream targets of wild-type p53 (Figure 3.2A).

p53 MRNA levels were also examined by qRT-PCR from the transfected cells to
determine whether the increase of p53 protein level was a result of interrupted p53
degradation or a result of activated p53 expression. As shown in figure 3.2B,
overexpression of miR-9 induced TP53 transcription significantly in all three cell lines,
indicating that the miR-9-mediated wild-type p53 induction was at least partially at the

transcriptional level.

Since one of the key function of wild-type p53 is cell growth repression, the
increased p53 cellular activity was further confirmed by the growth curve of the
transfected cells. Cell-TiterGlo assay was used to quantify the cell proliferation. Results
showed significant repression of proliferation in MCF10A and SBC3 (Figure 3.2C).
The repressed proliferation was consistent with the elevated wild-type p53 signalling,
but conflicting with the previously reported oncogenic roles in breast and lung cancer.
However, in the H1299 WT cells (a p53 inducible cell line derived from the p53 null

cell line H1299), miR-9 failed to cause any significant growth inhibition (Figure 3.2C).
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Scratch wound assay was also used to examine the impact of miR-9 on cell migration,
but no obvious changes were observed. However, cell morphology changes of H1299
wild-type cells after miR-9 overexpression suggested increased EMT activity

(Supplementary figure 3.1).
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Figure 3.2. Overexpression of miR-9 enhances p53 signaling in wild-type p53 cell
lines. (A-C) Wild-type p53 cell lines MCF10A, H1299-wild-type and SBC3 were
transfected with miR-9 mimic or a negative control; H1299-wild-type was treated
with PonA. (A) Whole protein lysate was collected 48 hours following transfection,
p53, MDM2 and p21 protein levels were measured by western blotting (beta-actin as
a loading control). (B) Total RNA was collected from transfected cells 48 hours
following transfection. TP53 mRNA levels were detected by gRT-PCR (normalized
by GAPDH). (C) Cell proliferation rate was determined by Cell-TiterGlo Assay in
the transfected cells. For all data, results were repearted in more than three
independent experiments, p values (* p<0.05, **p<0.01) were determined by

Student’s t-test.
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Table 3.1. Cell lines expressing wild-type p53

Cell fine Tissue TP53 status
MCF10A Breast Wild-type
H1299 wild-type Lung Wild-type
SBC3 Lung Wild-type

Negative control 24h _ Negative control 72h

MiR-9 mimic 24h ~ /" MiR-9 mimic 72h

Supplementary Figure 3.1. MiR-9 overexpression induces cell morphology
transformation. H1299-wild-type was transfected with miR-9 mimic or a negative
control while treated with PonA. Cell morphology was recorded under microscope

after 24 and 72 hours.
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3.3.3. Overexpression of miR-9 reduces missense p53 R248Q and R273H protein

levels

The impact of miR-9 overexpression on p53 regulation was also explored in a
panel of cell lines expressing missense p53 (Table 3.2). Surprisingly, the protein levels
of missense p53 decreased dramatically in MDA-MB-468 (R273H), H1299 R248Q and
OVCARS3 (R248Q) cell lines following enforced miR-9 overexpression (Figure 3.3A).
Thus, both p53 R248Q and p53 R273H were negatively regulated by miR-9, while wild-
type p53 was positively regulated. This miRNA-mediated opposite effect on wild-type

and missense p53 has not been previously reported.

To further understand the cause of the missense p53 reduction mediated by miR-
9, the p53 MRNA levels were detected using gRT-PCR from the transfected MDA-MB-
468, H1299 R248Q and OVCARS3. Results showed reduction of mRNA levels of p53
R273H in MDA-MB-468 cells following miR-9 overexpression, which would explain
the observed miR-9 driven protein level changes of this missense mutation (Figure
3.3B). However, the mMRNA levels of p53 R248Q in both H1299 R248Q and OVCAR3
showed a significant increase after miR-9 overexpression (Figure 3.3B). The diverse
MRNA expression patterns in response to miR-9 indicates that miR-9 regulates the two

missense p53 mutations and wild-type p53 via different pathways.

Cell proliferation rates of these three cell lines were also measured to determine
the possible cellular function of miR-9 overexpression in the missense p53
environment. Following miR-9 overexpression, repressed cell growth was observed in

the H1299 R248Q and OVCARS3 cell lines, but not in MDA-MB-468 (Figure 3.3C).
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Table 3.2. Cell lines expressing missense p53.

Cell line Tissue TP53 status

m[B)/ZGS Breast Missense R273H
mgAzgl Breast Missense R280K
OVCAR3 Ovary Missense R248Q
E';jgg Lung Missense R248Q
E'i;ga Lung Missense R175H

152



>
w

p53 mRNA expression
MDA- H1299

N
°

MB-468 R248Q OVCAR3 -
o83 53kDa o 15 -A;< *:* miR-9 mimic
S e SR - 2
5 1.0
b-actin - NS S S—— -42 kDa ; e
[}
s
O O ©O© “os
eé\é‘ "@\“‘\ e
@& @ @ T $ s
~ ~ QA »° S -
& & & 4 P 040"
& 4
]
C D
MDA-MB-468 H1299 R248Q OVCAR3 H1299 MDA-
15000 15000- % 20000 R175H MB-231
* P53 - GO s g -53 kDa

15000

=3
k=3
k=3
3

0000 b-actin - e s SEEDAP -42 kDa
1

g

Luminescense
Luminescence
Luminescence

S

5000

—-— NC - NC - NC
== miR-9 mimic ==+ miR-9 mimic == MiR-9 mimic

Figure 3.3. MiR-9 overexpression represses the protein levels of missense p53
R248Q and R273H. (A-C) Missense p53 cell lines MDA-MB-468, H1299 R248Q
and OVCARS3 were transfected with miR-9 mimic or a negative control. (A) Whole
protein lysate was collected 48 hours following transfection, p53 protein levels were
measured by western blotting (beta-actin was used as a loading control). (B) Total
RNA was collected from transfected cells 48 hours following transfection. TP53
MRNA levels were detected by gRT-PCR (results were normalized using GAPDH).
Results were repeated in three independent experiments. p values (** p<0.01, ***
p<0.001) were determined by Student’s t-test. (C) Cell proliferation rate was
determined by Cell-TiterGlo Assay in the transfected cells. p values (* p<0.05) were
determined by Student’s t-test. (D) Missense p53 cell lines H1299 R175H and MDA-
MB-231 were transfected with miR-9 mimic or a negative control. Whole protein
lysate was collected 48 hours following transfection. p53 protein levels were detected

by western blotting (beta-actin was used as a loading control).
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No significant changes were observed in cell migration or morphology when miR-9 was

overexpressed.

Interestingly, miR-9 overexpression did not influence the expression of two
additional missense p53 mutations, H1299 R175H and R280K in MDA-MB-231,
(Figure 3.3D), indicating that the miR-9-mediated p53 regulation is specific to

particular p53 mutations.

3.3.4. Potential binding site of miR-9 within ORF of p53 mRNA

A possible explanation of the down-regulation of p53 R248Q and p53 R273H is
miRNA-mediated post-transcriptional inhibition. A sequence-based analysis of p53
revealed a potential binding site of miR-9 within the ORF of p53. The potential binding
site encodes amino acids 318 and 319 of the p53 protein, which is located between the
C-terminal and the DNA binding domain of p53 and in close proximity to the missense
mutation sites that have been examined in this study (Figure 3.4). However, the
validation of this potential miR-9 binding site could not be completed due to time

restraints.
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Figure 3.4. Putative miR-9-binding sequence in the ORF of TP53 mRNA and the

location of the corresponding amino acids.
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3.4. Discussion

The accumulation of missense p53 protein has been observed in many cancers
due to its higher stability compared with wild-type p53 protein, but the regulation of
missense p53 is not as yet as well understood as wild-type p53. In this presented work,
we identified distinctive expression patterns of miR-9 in tumours with missense or wild-
type p53. Furthermore, we explored the miR-9-mediated regulation of both wild-type
and missense p53 in cancer cells which revealed a novel p53 mutation specific
regulation. This evidence suggests that miRNAs can regulate genes in an allele specific

mechanism.

Wild-type p53 participates in the process of miRNA maturation by interacting
with p68, which consequently increases the activity of Drosha and mature miRNA
expression [32, 33]. Moreover, wild-type p53 and its downstream genes may function
as transcriptional factors that regulate miRNA transcription. Thus, lack of wild-type
p53 can result in reduction of multiple miRNAs [34]. On the other hand, missense p53
has also been reported to directly bind to the promoter of target miRNAs and regulate

its expression [35-37].

In ovarian cancer, renal clear cell carcinoma and colorectal cancer there were low
levels of miR-9 in missense p53 tumours. Possible explanations are disturbed miRNA
maturation due to the absence of wild-type p53, or missense p53 mediated miRNA
silencing via promotor binding. To investigate these possibilities, miR-9 expression
could be determined following p53 knockdown and in silico prediction of possible miR-
9 promoter binding sites that could be directly or indirectly bound by mutant p53.
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However, the genes encoding the three members of the miR-9 family are located on
different chromosomes but all show similar expression patterns in ovarian cancer, renal
clear cell carcinoma and colorectal cancer. Therefore the decreased expression of all
three miR-9s in these missense p53 tumours is unlikely to be based on promoter-

mediated transcriptional regulation.

In addition, this theory does not provide an explanation for the observed elevated
miR-9 expressions in missense p53 breast cancers and lung cancers. Given that the
overexpression of miR-9 induced accumulation of wild-type p53, the observed lower
levels of miR-9 in wild-type p53 tumours may be a consequence of selection against
such wild-type p53 expressing cancer cells. Although miR-9 is described as an oncomiR
in these two cancers for its ability to promote invasion and metastasis at the late stage
of disease development [24, 26], it may perform a repressive role during the early
malignant transformation of the cell. An alternative possibility is that miR-9 may be
repressed by wild-type p53 directly or indirectly in the particular molecular

environment of breast cancer and lung cancer, but not in the other three cancers.

This study also demonstrates the impact of miR-9 overexpression on wild-type
p53 protein levels. The up-regulation of wild-type p53 upon miR-9 overexpression can
be caused by miR-9 disturbing post-translational regulation of p53 (i.e. ubiquitination),
or by a miR-9 induced signalling cascade that activates p53 transcription, for example
MAPK signalling. The elevation of p53 mRNA levels following enforced miR-9
expression favours the second hypothesis. The defensive activation of wild-type p53 in

response to the expression of an oncogene has been reported [38]. This hypothesis also
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implies that the induction of wild-type p53 is a cellular defensive response to the internal
stress induced by miR-9, which complies with the previously described oncogenic role

of miR-9 [20, 22, 24, 39, 40].

Our novel finding is the impact of miR-9 on two particular missense p53
mutations, R248Q and R273H, differs from that on wild-type p53 or other missense
mutations of p53. This unique observation may result from miR-9 induced change of a
protein that can specifically regulate the missense p53 R248Q and R273H, but not wild-
type or other mutations. However, to our current understanding, none of the reported
regulators of p53 have p53 mutation specific functions. High-throughput screening to
detect interacting proteins with a p53 mutant specific function would be of interest to

explore this possibility.

An alternative possible explanation of the miR-9 driven decrease in levels of p53
R248Q and R273H protein is that miR-9 decreases the protein expression by
specifically targeting the 3’UTR of these missense p53 mRNAs. Prediction algorithms
did not find any potential binding site for miR-9 in the 3°’UTR NCBI sequence of wild-
type p53. However, mutations have been found in the 3’UTR of p53 with a higher
frequency than in the coding sequence [41], and some of these variations may alter
miRNA-mediated p53 regulation by altering a miRNA binding site, for example
SNP rs78378222 [42, 43]. It is possible that there are 3’UTR SNPs or mutations in the
p53 R248Q and R273H mRNA, and these variants create a potential binding site for
miR-9. The full-length mRNA transcript of p53 in the tested cell lines MDA-MB-468

and OVCARS3 should be sequenced to confirm whether any potential miR-9 binding
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sites exist. However, H1299 R248Q is a cell line with inducible expression of mutant
p53 and does not contain the 3’UTR of p53. Thus H1299 R248Q cannot have any
regulation based on p53 3’UTR targeting. Therefore, at least the observation in one of

the cell lines cannot be explained by this hypothesis.

Interestingly, a potential binding site of miR-9 was identified at the ORF of p53
mMRNA (Figure 3.4), which is ~120 nt away from mutant site of R273H and ~195 nt
away from R248Q. As reported in previous studies, miRNA can repress target gene
expression by binding to the ORF of the target gene [44]. Thus, it is possible that miR-
9 may participate in the regulation of p53 via this binding site at the ORF. However,
this ORF-targeting theory does not provide an explanation to the observed absence of
miR-9 regulation of p53 R248Q and R273H. We speculate that a possibility is that the
higher-order-structure of RNA is a crucial factor in miRNA-mRNA interaction, which
is the basis for the observed conflicting impacts of miR-9 on the regulation of the
different missense and wild-type p53s in this study. The 3-D configuration of RNA is
known to determine the biological function of the RNA molecule, i.e. tRNA and
circRNA [45, 46]. Formed by dynamic packing of base-paired nucleotides, the 3-D
structure of RNA enables the RNA molecule to interact with other molecules [47]. Itis
possible that a single mutation in missense p53 mRNA may specifically alter the higher-
order structure of the mRNA molecule and allow it to expose different sites for
interaction with other protein or nucleic acids. In our hypothesis, the conformational
change of MRNA caused by R248Q and R273H mutations exposes the potential miR-9
binding site for miR-9 targeting, which results in the reduction of missense p53 protein
level regardless of the change of mMRNA levels. This hypothesis may explain why the
reduction of p53 protein only occurred in p53 R248Q and R273H specifically following
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miR-9 overexpression, while other missense mutations are unaffected and wild-type

p53 is up-regulated.

To further explore this hypothesis, computational modelling of the 3-D
configuration of p53 MRNA with different missense mutations will be essential.
Accounting for non-canonical base pairing [48], ion-dependent folding [49, 50] and
long-range tertiary interaction [51], in silico modelling tools have been developed,
including miREN [52] and Sfold [53, 54]. Physical and biochemical methods have also
been developed as probes to obtain specific data of RNAs. For example, the Selective
2’-Hydroxyl Acylation analysis by Primer Extension (SHAPE) assay analyses the
probability of nucleotide pairing [55, 56], while cross-linking assay [57, 58] and
tethered hydroxyl radical probing (t-HRP) assay [59] provide evidence of inter-
nucleotide distances. In contrast, solution hydroxyl radical probing (solution HRP)
evaluates the backbone solvent accessibility for most nucleotides of the RNA [60]. The
bias discrete molecular dynamics (DMD) study can be used to combine the
experimental results and computational analyses to generate structural ensembles
consistent with experiment data. However, the inaccuracy of the 3-D structure
prediction declines as the length of the RNA molecules increase, and the effective
analysis of the 3-D structure of p53 mRNA and its impact on miRNA-mRNA

interaction may need further development in bioinformatics.

Altogether, this chapter describes a novel phenomenon in miRNA-p53 regulation,
and highlights the potent impact of target gene mutation on miRNA-regulated
regulations. Future avenues of research are highlighted which will further explore the

molecular basis for these observations.
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3.5. Materials and methods

Cell lines and reagents

MCF10A, OVCAR3, MDA-MB-468 and MDA-MB-231 cell lines were
purchased from the American Type Culture Collection (ATCC). SBC3 was kindly
given as a gift from Dr. Sandra Hodge (University of Adelaide, Australia). MCF10A
was cultured in DMEM/F12 with 5% horse serum, 20 ng/mL human EGF, 0.5mg/ml
hydrocortisone, 100ng/ml cholera toxin and 10 ug/mL insulin. OVCAR3 was cultured
in RPMI-1640 with 10% FBS and PSG. SBC3, MDA-MB-468 and MDA-MB-231 were
maintained in DMEM with 10% FBS, HEPES and PSG. H1299 wild-type, H1299
R248Q, H1299 R175H cell lines are maintained in DMEM with 10% FBS and
2.5ng/mL of puromycin [2]. Wild-type and mutant p53 expression in H1299 inducible

cells were induced by 2.5 ug/mL ponasterone A (PonA) as previously described [2].

Reverse-transcription PCR (RT-PCR) and real-time PCR (QRT-PCR)

RNA extraction from cells was performed using the RNAeasy mini kit (Qiagen,
Valencia, CA USA). ND-1000 NanoDrop spectrometer (Thermo Scientific,
Wilmington, DE USA) was used to measure RNA concentration. Total RNA was
reverse-transcribed into cDNA as previously described using Moloney Murine
Leukaemia Virus (M-MLV) Reverse Transcriptase (Promega, Madison, W1 USA) and

random 6’mer primers (Promega) [61].

Real-time PCR reactions were performed using 1Q SYBR Green Supermix

(BioRad, USA) on a BioRad iCycler (BioRad) as previously described [62]. Relative
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expression levels of p53 MRNAs were determined by the AACT method and normalized

using GAPDH. All primers used in qRT-PCR are listed in Table 3.4

Table 3.4.
Gene Primer sequence
TP53 Forward GGGCTCCGGGGACACTTTGCG

Reverse TGGCAGTGACCCGGAAGGCAGT

GAPDH Forward AGCCTCCCGCTTCGCTCTCTGC

Reverse ACCAGGCGCCCAATACGACCAAA

Transient transfection

Asynchronously growing cells were seeded at 3 x 10° cells/well in six-well plates
or 1.2 x 10° cells/well in 24-well plates. Transfection of cells with 50 nM/well (six-well
plate) or 12.5 nM/well (24-well plate) miR-9 mimic (Genepharma, Shanghai, CN) was
performed using Lipofectamine RNAIMAX as previously described (Invitrogen, CA,

USA).

Cell proliferation assay

Cells were plated at 1500 cells/well in 96-well plates 24 hours after transfection

and were cultured for 1, 2, 3, 4 and 5 days. On the indicated days, cells were incubated
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with 50% CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) and 50%

media. Fluorescence was measured by LUM Istar Galaxy luminometer (BMG Labtech).

Western blot and antibodies

Western blot assay was performed as previously described [61]. Antibodies used
include: mouse anti-p53 DO-1 (Santa Cruz Biotechnology, Santa Cruz, CA), mouse
anti-MDM2 (Santa Cruz), rabbit anti-p21 (Santa Cruz) and mouse anti-p-actin (Sigma

Aldrich).

Statistical analysis

Data are presented as means + SD from at least three independent experiments.
Student’s t-test was performed using replicate values to compare between groups and
indicate significance. Values of p<0.05 were considered statistically significant (p<0.05

as *, p<0.01 as ** and p<0,001 as ***).
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Chapter 4.

A novel miR-375-androgen receptor
feedback loop regulates growth of

prostate cancer cells
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Preface

This chapter demonstrates a AR-miR-375 self regulatory feedback loop as AR
induces miR-375 expression and secretion by binding MIR375 promoter, while miR-
375 represses AR signalling by targeting AR 3°’UTR. This finding identifies a new

mechanism of AR regulation in prostate cancer.

This chapter is presented as a manuscript prepared for submission to a journal for

publication.
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Abstract

Prostate cancer is the most commonly diagnosed male non-skin cancer in the
Western world and a major cause of cancer death. Androgen receptor (AR), a ligand-
dependent transcription factor, is the key driver of prostate cancer development and
progression. As such, inhibition of AR signalling by androgen deprivation therapy is
the mainstay therapeutic strategy for metastatic disease. Despite intensive research,
the mechanisms that regulate AR activity in prostate cancer remain to be fully
elucidated. In particular, post-transcriptional regulation of AR expression by
microRNAs appears to be an important mechanism controlling prostate cancer
growth. In the present study, we identified microRNA-375 (miR-375) as a direct target
of AR: AR binds to the MIR375 promoter and upregulates its expression. Converse
regulation also occurs, since miR-375 can directly target AR by binding to a single
recognition sequence in the AR 3’UTR. Thus, AR-miR-375 represents a novel self-
regulatory feedback loop that controls AR signalling in prostate cancer cells.
Supporting the relevance of this feedback loop, ectopic delivery of miR-375
suppressed proliferation of prostate cancer cells, but this effect could be rescued by
over-expression of AR. Altogether, this study identifies a novel mechanism by which

AR self-regulates its activity in prostate cancer.
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Introduction

Prostate cancer is the most commonly diagnosed male non-skin cancer in the
Western world and a major cause of cancer death. (Siegel, Miller et al. 2017).
Although the 5-year survival rate is nearly 100% in patients with local disease, for
men with metastatic disease the 5-year survival rate is less than 30%, and this poor

prognosis has not improved in the past 25 years (Wu, Fish et al. 2014).

The key driver of prostate cancer is the androgen receptor (AR) (Massie, Lynch
etal. 2011, Dai, Heemers et al. 2017), a member of the hormone receptor superfamily
and a ligand-dependent transcription factor encoded by the AR gene on chromosome
X (Chang, Kokontis et al. 1988, Tilley, Marcelli et al. 1989). The normal functions of
AR include development and maintenance of the male sexual phenotype (Sinisi,
Pasquali et al. 2003), induction of skeletal muscle growth (MacKTrell, Yaden et al.
2015) and maintaining male bone integrity (Sinnesael, Claessens et al. 2012) in
response to male hormones. Dysregulation of AR is related to multiple diseases,
including prostate (Massie, Lynch et al. 2011, Dai, Heemers et al. 2017), breast
(Rahim and O'Regan 2017) and ovarian cancer cancers (van Kruchten, van der Marel
et al. 2015). In prostate cancer cells, AR activates a transcriptional program that
contributes to proliferation, differentiation and survival (Zhu and Kyprianou 2008,
Waltering, Porkka et al. 2011). Given its critical role in the growth of prostate cancer,
androgen deprivation therapy (ADT) is the mainstay therapeutic strategy for
metastatic disease. However, ADT is never curative and patients will progress to a
lethal form of the disease termed castration-resistant prostate cancer (CRPC)
(Nandana and Chung 2014). Interestingly, AR still remains the key driver of tumour

growth in CRPC, and multiple mechanisms by which AR continues to signal in the
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face of ADT have been elucidated (Koochekpour 2010, Dai, Heemers et al. 2017).
With this in mind, strategies to target AR signalling independent of ADT are of

particular interest to improve patient outcomes.

MicroRNAs (miRNAs, miRs) are a group of small non-coding RNAs of ~22 nt
that negatively regulate gene expression by binding to complementary sequences in
their targets (Krol, Loedige et al. 2010). Multiple miRNAs have been reported to
participate in AR signalling. MiR-185, miR-31, miR-654-5p, miR-203/205, miR-
488* and let-7c are direct inhibitors of AR via 3’UTR targeting, and are considered
as tumour suppressors in prostate cancer (Ostling, Leivonen et al. 2011, Sikand, Slaibi
et al. 2011, Nadiminty, Tummala et al. 2012, Boll, Reiche et al. 2013, Hagman,
Haflidadottir et al. 2013, Lin, Chiu et al. 2013, ChunJiao, Huan et al. 2014). On the
other hand, miRNAs such as miR-21, miR-32, miR-221/222, miR-141, miR-
23a/27/24-2 miR-19a and miR-133b are trans-activated by AR and act as downstream
oncogenic effectors (Volinia, Calin et al. 2006, Ambs, Prueitt et al. 2008, Sun, Wang
et al. 2009, Waltering, Porkka et al. 2011, Fletcher, Dart et al. 2012, Mo, Zhang et al.
2013). In short, the interplay between AR and miRNASs appears to play a major role
in prostate cancer, but the details of this important regulatory network are yet to be

completely elucidated.

In the present work, we identify miR-375 as a direct AR target. This miRNA is
a known marker of prostate cancer in both tissues and in the circulation, and has been
proposed as a potential prognostic and/or predictive biomarker (Selth, Townley et al.

2012, Huang, Yuan et al. 2015, Kachakova, Mitkova et al. 2015, Wach, Al-Janabi et
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al. 2015). Importantly, we identify a novel feedback loop whereby AR-regulated miR-
375 directly represses AR. This work yields new insight into the regulation of AR
signalling in prostate cancer and provides a rationale for the elevated levels of miR-

375 observed in this disease.
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Results
AR regulates miR-375 expression in prostate cancer cells

Based on our earlier finding that miR-375 is associated with active androgen
signalling in prostate cancer (Selth, Das et al. 2017), we tested whether it was an AR-
regulated miRNA. Knockdown of AR using a siRNA reduced the endogenous levels
of miR-375 in the prostate cancer C42B and LNCaP cell line models (Figure 1A i).
By contrast, over-expression of AR significantly increased the expression of

endogenous miR-375 in both cell lines (Figure 1A ii).

To evaluate whether MIR375 is a direct AR target gene, we interrogated AR
ChlP-seq data from prostate tumours (Pomerantz, Li et al. 2015). We identified 2
potential AR binding sites within the promoter region of the MIR375 gene (Figure
1C). To validate AR binding at these sites, we conducted ChIP-qPCR in LNCaP cells.
As shown in Figure 1D, we could confirm a reproducible AR binding event at the

MIR375 promoter.

To validate that the MIR375 promoter was AR-regulated, we cloned two regions
encompassing this regulatory element upstream of luciferase and conducted
transactivation assays in 293T cells. Both promoter regions were activated by AR,
whereas a control site was not (Figure 1E). Collectively, these data identify miR-375

as a direct target of AR in prostate cancer cells.

As aberrant levels of circulating miR-375 have been reported in prostate cancer,
we examined the impact of AR on miR-375 secretion. Secreted miR-375 levels
increased significantly after AR over-expression in both C42B and LNCaP cells,

whereas AR knockdown by siRNA decreased miR-375 secretion (Figure 1B). These
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results suggest that elevated levels of miR-375 in serum/plasma of patients with

prostate cancer are at least partly due to active AR signalling in prostate tumours.
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Figure 1. AR transactivates miR-375 expression and increases miR-375 secretion. A,
I, C42B and LNCaP cells were transfected with AR siRNA or control and total RNA
was prepared after 72 hours. MiR-375 expression was detected 48 and 72 hours after
transfection by qRT PCR; RNU48 was used as internal control. ii, C42B and LNCaP
cells were transfected with pcDNA3.1-AR or vehicle and total RNA was prepared
after 72 hours. MiR-375 expression was detected by gRT-PCR; RNU48 was used as
internal control. Results are the average of three independent experiments. p values
(** P<0.01; *** p<0.001) were determined by Student’s t-test. B. Transfections were
performed as described in A. Transfected cells were washed and incubated in fresh
serum free media for 72 hours before secretom collection. The secreted RNA was
purified from secretom. MiR-375 levels were detected using gRT PCR and cel-miR-
39 was used as internal control, and normalized by the ratio of living cells and total
cells, represent the mean (£SEM) of 3 replicates; results are representative of 2
independent experiments. C, AR binding sites (from ChIP-seq) proximal to the AR
binding sites (from ChiIP-seq) proximal to the MIR375 gene in nonmalignant and
prostate tumor samples gene in nonmalignant and prostate tumor samples (Pomerantz,
Li et al. 2015). D, Validation of three putative AR binding sites (shown in the ChlIP-
seq) by ChIP gqPCR. Error bars, +SEM. NC2 was used as a negative control. E, 293T
cells were transfected with pRL and plasmids expressing AR and a MIR375 promoter
reporter. Transcriptional activity values as assessed by luciferase assays represent the
mean (£SEM) of at least 3 independent experiments; An unpaired t test was used to
assess the effect of AR on MIR375 activity. p values (* p<0.05, ** p<0.01, ***

p<0.001)
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AR is a direct target of miR-375

To determine whether miR-375 can influence the androgen signalling axis, we
assessed the consequences of modulating this miRNA in prostate cancer cells.
Interestingly, miR-375 over-expression significantly reduced the expression of AR
and its targets, PSA and FKBP51, at both the protein (Figure 2A) and RNA (Figure
2D) level. In contrast, suppression of miR-375 using a locked nucleic acid (LNA)
inhibitor resulted in upregulation of AR and its targets (Figure 2B) (Figure 2D). Since
circulating PSA is used as a marker of prostate cancer, the secretion of this protein
was also examined after miR-375 overexpression in C42B cells. A significant
reduction in PSA secretion was observed at both 72 and 96 hours after delivery of
miR-375 (Figure 2C). Collectively, these results suggest that AR can self-regulate its
own activity via miR-375, and that this self-regulation results in miR-375 influencing

the levels of clinically-relevant markers of AR activity such as PSA.

To determine whether miR-375 can directly target AR mRNA, we examined the
AR 3°’UTR for miR-375 recognition sequences. Two potential binding sites for miR-
375 were identified in the extended 3’UTR of AR (Figure 2E). Using luciferase
reporter assays, we demonstrated that both binding sites were significantly repressed

by miR-375 overexpression (Figure 2F).
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Figure 2. MiR-375 suppresses AR signalling by directly targeting AR. A, C42B and
LNCaP cells were transfected with miR-375 mimic or a negative control. After 48
hours, the levels of proteins were examined by Western blotting. a-tublin was used as
an internal control. Blot values were determined by ImageJ. B, C42B and LNCaP
cells were transfected with LNA-miR-375 inhibitor and control, whole lysis were
collected 48 hours after transfection and protein levels were examined by western blot
with a-tublin as internal control. C, C42B cells were transfected with miR-375 mimic
and or a negative control. After 96 hours, total protein was extracted from the media
and assessed by Western blotting D, C42B, LNCaP and 22rv1 cells were transfected
with miR-375 mimic and negative control, total MRNA were collected 48 hours after
transfection. AR and downstream gene mRNA levels were detected by real-time PCR
with GAPDH as internal control. Results are the average of three independent
experiments. p values (**P<0.01; *** p<0.001) were determined by Student’s t-test.
E, Potential miR-375 binding site located within the 3’UTR of AR. F, HEK239T cells
were transfected with reporter plasmids and miR-375 mimic or a negative miRNA
control. Dual luciferase reporter assay was performed 48 hours after miR-375
mimic/negative control transfection. Results are the average of 3 independent
experiments. p values (*** p<0.001) were determined by determined by unpaired t

tests.
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Over-expression of AR rescues miR-375 induced repression of AR signalling
and cell growth

MiR-375 has previously been shown to inhibit prostate cancer growth and
invasion (Costa-Pinheiro, Ramalho-Carvalho et al. 2015, Selth, Das et al. 2017). To
assess whether this tumour suppressive activity is related to targeting of AR, we
assessed AR signalling outputs and growth after cells were transfected with miR-375
and a non-targetable form of the AR mRNA. As expected, over-expression of AR
reversed the miR-375-mediated down-regulation of PSA and FKBP51 (Figure 3A).
Similarly, expression of the non-targetable AR rescued miR-375-mediated
suppression of C4-2B cell growth (Figure 3B). These experiments indicate that the
ability of miR-375 to suppress prostate cancer cell growth is at least partly effected

by targeting of AR.
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Figure 3. Over expression of AR rescues miR-375-induced phenotypesn. A, C42B
cells were transfected with negative control, miR-375 mimic, AR expression vector
pcDNA-AR and empty vehicle, whole lysis and total mMRNA were collected 48 hours
after transfection. AR and downstream gene expression were analysed by western blot
with a-tublin as internal control. Blot values were determined by ImageJ. B, C42B
cells were transfected with negative control, miR-375 mimic, AR expression vector
pcDNA-AR and empty vehicle. Transfected cells were seeded in 96 well plates; cell
proliferation was examined by CellTiter-Glo assay at day 1, 3, 5. Results are the
average of three independent experiments. p values (*** p<0.001) were determined

by Student’s t-test.
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Discussion

AR is a critical oncogene in prostate cancer. In this present work, we provide
new insight into the regulation of AR by identifying a feedback loop with miR-375,

whereby AR-induced miR-375 directly inhibits AR expression.

As a transcription factor, AR has been reported to trans-activate the expression
of several miRNAs which behave as oncomiRs in prostate cancer. For example, miR-
32 is a direct target of AR, and the AR-induced expression of miR-32 leads to
increased cell proliferation by targeting BTG2 in castration-resistant prostate cancer
(Ambs, Prueitt et al. 2008). Additional miRNA targets of AR have been found,
including miR-221, miR-222, miR-141, miR-23a/27/24-2 miR-19a, and miR-133b,
which all function to promote cell growth, invasion and survival (Sun, Wang et al.
2009, Waltering, Porkka et al. 2011, Fletcher, Dart et al. 2012, Mo, Zhang et al. 2013).
By contrast, this study and previous work indicate that miR-375 performs an anti-
cancer role after being induced by AR in our study. With this in mind, we propose
that induction of miR-375 by AR could be more prominent in the normal prostate,
where miR-375 would serve to enhance the organ’s differentiation status Given the
ability of miR-375 to induce mesenchymal-epithelial transition in prostate cancer cell
model (Selth, Das et al. 2017), this AR induced miR-375 expression may contribute

to the androgen dependent prostate cell differentiation and the organ development.

Regulation of miR-375 by the AR signalling axis has previously been reported:
more specifically, Chu et al. found that miR-375 was upregulated due to decreased

promoter hypermethylation as a consequence of AR repressing the activity of DNA
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methyltransferases (DNMTSs) (Chu, Chang et al. 2014). Our study has identified a
novel, direct mechanism by which AR regulates miR-375 expression. Importantly, the
AR binding site in the MIR375 promoter that regulates expression of the gene was

identified in tissue samples, suggesting that this regulation is biologically relevant.

The expression and activity of AR is strictly regulated by androgen stimulation;
indeed, activated AR binds its own promoter and represses AR gene expression as a
self-regulatory negative feedback loop (Cai, He et al. 2011). In prostate cancer, this
self-regulation is diminished or lost, resulting in over-expression of AR and aberrant
activation of its downstream pathways (Cai, He et al. 2011). Our work reveals a novel
miRNA-mediated feedback loop as an additional self-restrictive regulation of AR,
which would normally function to constrain AR signalling in the prostate. We propose
that this regulatory axis would also be disrupted in prostate cancer development and
progression, such that miR-375 targeting of AR becomes a minor component of the
axis and AR upregulation of miR-375 becomes the major component. Supporting this
idea, miR-375 is positively associated with AR signalling in malignant prostate cancer
(Selth, Das et al. 2017). Indeed, by analysing tumour and blood samples from 111
prostate cancer patients (Taylor, Schultz et al. 2010), we found a weak positive
correlation between tumour miR-375 expression and circulating PSA levels, while
tumour KLK3 and FKBP5 mRNA levels showed significant positive correlation with

miR-375 (Supplementary Figure 1).

MIiR-375 has been described to have a dual role in prostate cancer: on the one

hand, multiple studies, including one from my supervisor’s lab, have found that it can
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suppress cell growth and invasion and increase apoptosis (Costa-Pinheiro, Ramalho-
Carvalho et al. 2015, Selth, Das et al. 2017); by contrast, other studies have shown
that it can promote proliferation by targeting CIC and CBX7t (Choi, Park et al. 2015,
Pickl, Tichy et al. 2016). Notably, in these latter studies, a pro-proliferative role for
miR-375 was only observed in the PC3 cell model, which is AR-negative. Our study
sheds new light on the actions of miR-375 in prostate cancer, providing further
evidence for an anti-proliferative function that is at least partly mediated by

suppression of AR signalling.

Despite the apparently contradictory roles of miR-375 in prostate cancer growth
and progression, this miRNA has consistently been identified as both a tumour and
circulating marker of prostate cancer (Szczyrba, Nolte et al. 2011, Chu, Chang et al.
2014, Choi, Park et al. 2015, Costa-Pinheiro, Ramalho-Carvalho et al. 2015, Huang,
Yuan et al. 2015, Kachakova, Mitkova et al. 2015, Pickl, Tichy et al. 2016).
Circulating levels of miR-375 are associated with higher grade primary cancers and
can predict overall survival in the CRPC context (Huang, Yuan et al. 2015, Wach, Al-
Janabi et al. 2015). Our study provides a possible explanation for these earlier
findings: enhanced AR signalling in prostate cancer cells leads to enhanced expression
and secretion of miR-375, which is consistent with earlier work (Tiryakioglu, Bilgin
et al. 2013). This finding further strengthens the potential rationale for utilisation of

this miRNA as a biomarker in the clinic.
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Supplementary figure 1. Correlation between miR-375, serum PSA, KLK3 and

FKBP5 mRNA levels in prostate cancer. A, Serum PSA level and tumour

mRNA/small RNA deep sequencing data was obtained from 111 prostate cancer

patients (Taylor, Schultz et al. 2010). Serum PSA levels and tumour miR-375

expression showed weak trend of positive correlation. B, With the same dataset,

tumour miR-375 levels showed positive correlation with tumour mRNA levels of

KLKS3 and FKBP5.
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Methods and material

Cell lines and reagents

LNCaP, C42B and 22Rv1 human prostate carcinoma cells and HEK293T cells
were purchased from the American Type Culture Collection (ATCC). LNCaP, C42B
and 22Rv1 cells were cultured in RPMI-1640 media with 10% fetal bovine serum.
HEK293T cells were maintained in DMEM media with 10% fetal bovine serum and

1% PSG.

Reverse-transcription PCR (RT-PCR) and real-time RT-PCR

Endogenous RNA extraction from cells was performed using the RNAeasy mini
kit (Qiagen, Valencia, CA USA) and MIReasy mini kit (Qiagen). ND-1000 NanoDrop
spectrometer (Thermo Scientific, Wilmington, DE USA) was used to measure total
RNA concentration. Media miRNA extraction was performed using the GenElute™
Plasma/Serum RNA Purification Mini Kit (Sigma, USA) following the
manufacturer’s instructions. MiRNAs were reverse-transcribed into cDNA using
TagMan assay. Total RNA and small RNA were reverse-transcribed into cDNA as
previously described (ref) using Moloney Murine Leukaemia Virus (M-MLV)
Reverse Transcriptase (Promega, Madison, WI USA) and random 6’mer primers

(Promega) (Yu, Bracken et al. 2015).

Real-time PCR reactions were performed using TagMan assays following the
manufacturer instruction, or IQ SYBR Green Supermix (BioRad) on a BioRad iCycler
(BioRad) as previously described (Pishas, Al-Ejeh et al. 2011). Primers used for Real-
time PCR are listed in Supplementary Table 1. Relative expression levels of miR-375
was determined by the AACT method after normalization with RNUA48 (for

endogenous miR-375) or cel-miR-39 (for media miR-375). Relative expression levels
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of specific mMRNAs were determined by the AACT method after normalization with

GAPDH (All primers see Supplementary Table 1).

Vector construction

The reporter vectors pMIR-binding-site-1, pMIR-binding-site-2, pGL3-miR-
375-promoter-1, pGL3-miR-375-promoter-2 and AR expression plasmid pcDNA3.1-

AR were a kind gift from (senior author on that paper) (Gillis, Selth et al. 2013).

Transient transfection

Asynchronously growing cells were seeded at 3 x 10° cells/well in six-well
plates or 1 x 10° cells/well in 24-well plates. Transfection of cells with 20 nM mimic
miR-375 (Genepharma, Shanghai, CN) or 50 nM LNA anti-miR (EXIQON, Denmak)
or 100nM siRNA (Sigma Aldrich) was performed using Lipofectamine RNAIMAX
(Invitrogen, CA, USA). Transfection of cells with 1ug/mL with reporter vectors or

pcDNAS3.1-AR and control was performed using Lipofectamine 2000 (Invitrogen).

Cell proliferation assay

C42B cells were plated at 1500 cells/well in 96-well plates 24 hours after
transfection and were cultured for 1, 3 and 5 days. On the indicated days, cells were
incubated with CellTiter-Glo Luminescent Cell Viability Assay Kit (Promega) and

fluorescence was measured by LUMIstar Galaxy luminometer (BMG Labtech).
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Supplementary Table 1. Primers

Gene Primer Sequence (5°-3%)
Forward CCTGGCTTCCGCAACTTACAC
AR
Reverse GGACTTGTGCATGCGGTACTC
<LK3 Forward | GCCTGGATCTGAGAGAGATATCATC
Reverse ACACCTTTTTTTTTCTGGATTGTTG
Forward AAAAGGCCAAGGAGCACAAC
FKBP5
Reverse TTGAGGAGGGGCCGAGTTC
Forward AGCCTCCCGCTTCGCTCTCTGC
GAPDH
Reverse ACCAGGCGCCCAATACGACCAAA
Forward GAGTCAATATTTGCCCCGAGC
AR binding-site-C
Reverse GGGCTCCGTGTGCTCTTAT
Forward GTTCTTCCTCCCCAGCCTCT
AR binding-site-D
Reverse CACAGTAACTGAGTGCCAGG
Forward GTGAGTGCCCAGTTAGAGCATCTA

NC2

Reverse

GGAACCAGTGGGTCTTGAAGTG
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Western blot and antibodies

Western blot assay was performed as previously described (Yu, Bracken et al.
2015). Antibodies used include: goat anti-KLK3 (Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit anti-FKBP51 (Santa Cruz), rabbit anti-AR (Santa Cruz) and mouse

anti-a-tublin (Santa Cruz).

Luciferase assay

For validation of AR binding miR-375 promoter, HEK293T cells were plated in
a 24-well plate and then cotransfected with 0.5 ug of reporter vectors pGL3-miR-375-
promoter-1, pGL3-miR-375-promoter-2 and 0.5 ug of AR expression plasmid
pcDNAS3.1-AR or their controls along with 0.25 ug of pRL as indicator of the

transfection efficiency using Lipofectamine 2000 (Invitrogen).

For validation of miR-375 targeting AR 3’UTR, HEK293T cells were plated in a
24-well plate and then cotransfected with 50 uM of either miR-375 mimic or negative
control, and 0.75 ug of pMIR-binding-site-1, pMIR-binding-site-2 or pMIR-control
along with 0.25 ug of pRL as indicator of the transfection efficiency using

Lipofectamine 2000 (Invitrogen).

Transfected cells were collected 48 h after transfection and fluorescence was
meassured using the Dual-Luciferase Reporter Assay System (Promega). Both Renilla
and Firefly luminescence were measured with a GloMax 20/20 Luminometer
(Promega). Renilla luciferase was used as an internal control for any differences in
transfection and harvesting efficiencies. All transfections were performed in duplicate

and repeated at least three times in independent experiments.
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Chromatin immunoprecipitation and antibodies

LNCaP cells were plated 4,000,000 per 15cm plate in PRFRPMI + 10% CSS
and serum-starved for 72 hrs prior to treatment with 10nM DHT/EtOH (1 plate per
treatment) for 4 hrs. Cells were then X-linked as per usual, snap-frozen and pellets
stored at -80. ChIP assays were performed as previously described (Schmidt, Wilson
et al. 2009) using an AR antibody and an 1gG antibody from Abcam. The known AR

binding site on KLK3 promoter was used as positive control.

Statistical analysis

Data are presented as means + SD from at least three independent experiments.
Student’s t-test and unpaired t-test were performed using replicate values to compare
between groups and indicate significance. Values of p<0.05 were considered
statistically significant (labeled as * in figures, while values of p<0.01 were labeled

as ** and p<0,001 as ***).
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As an important member of the ncRNA family, miRNAs have been revealed to
play multifunctional roles in all cellular processes. Many human diseases are
accompanied by aberrant expression of miRNAs, including cancer. The growing
evidence of the participation of miRNAs in cancer highlights its significance for current
cancer research. Focusing on the miRNA-mediated regulation of two important
pathways in cancer, this present work extends the current knowledge of the miRNA-
protein networks in cancer, and describes a novel observation of miRNA-mediated

specific regulation of gene mutations.

5.1. MiR-766 induces p53 accumulation and G2/M arrest by directly targeting
MDM4.

A detailed understanding of regulation of the tumour suppressor p53 is critical for
determining the basis of cancer initiation and development, and subsequently for the
development of new treatment approaches to target this pathway. The major core
mechanisms of post-transcriptional regulation of p53 include phosphorylation,
ubiquitination and degradation, with the MDM4-p53 axis being the essential player in
this regulation. A complex network of the regulation of p53 signalling has now been
established and this continues to be refined as new members of this network are
discovered. In particular, a number of miRNAs have now been found that directly or
indirectly regulate p53, many of which also contribute to p53-associated cancer

progression.

The first part of my work identifies a previously unknown function of miR-766 in

p53 regulation, distinguishing this miRNA as a novel element in the regulatory network
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of p53 signalling. Previous studies of MDM4 predominately focused on its impact on
p53 activity. In the work presented in this thesis, we also explore the impact of MDM4
on p53 protein expression, as well as p53’s transcriptional activity and the downstream
signaling. This work strengthens the evidence of MDM4-regulation of p53 protein
levels and enhances our understanding of MDM4’s role in the MDM2-MDM4-p53

regulatory axis.

An ongoing concern about the biological significance of some miRNAs is related
to their low abundance in vivo. Low abundant miRNAs (i.e. < 15 reads per million, as
determined by deep sequencing data) are considered less likely to have a significant
impact on cellular events [1]. MiR-766 exhibits low abundance in the deep sequencing
data across different solid tumours, but we believe it has the potential to significantly
affect cellular processes by regulating the key tumour suppressor p53. Supporting this
idea, we observed robust cellular effects not only when miR-766 was over-expressed but
also when its activity was blocked by a LNA-miR-inhibitor in multiple cancer and normal
cell lines. In summary, this work, together with other reports of low abundance miRNAs
playing important roles in cancer [2-6], provide evidence that low abundance miRNAs
can be biologically relevant and their possible roles should not be underestimated.
Interestingly, the accuracy of miRNA relative abundance may be improved due to the
methodological bias of sequencing technology. And it is possible that the reported

relative abundance of miRNAs in current database may be modified in future.

Another issue related to miRNAs is determining their overall role in the cell when

each miRNA has multiple valid target genes with different functions. Similar to many

204



other miRNAs, miR-766 has been reported to target genes that can lead to opposite
cellular outcomes in different cellular contexts. Interestingly, while my work nominates
mMiR-766 as a positive regulator of p53 by targeting MDMJ4, it is also confirmed to target
BAX [7] and SOX6 [8]. Both can potentially compromise the MDM4-mediated effect of
miR-766 on p53 signalling. Although my study provides solid evidence of the overall
tumour suppressor behaviour of miR-766 in the cell line models, animal experiments (i.e.
xenograft tumours in nude mice), analysis of more clinical data and further in silico
analysis of miR-766 targeting network would significantly improve the biological

relevance.

The upstream regulation of miR-766 is an aspect that has not been addressed in this
work. Although this miRNA was initially selected for its distinct expression between
tumours with wild-type and mutant p53, attempts to validate the effects of p53 on miR-
766 expression failed due to a lack of consistent results (knockdown of p53 induced
changes of miR-766 expression in cell lines could not be consistently repeated).
Following p53 knockdown by p53 siRNA, the expression of miR-766 was detected using
TagMan assay in cell lines expressing wild-type or mutant p53, but no consistent or
repeatable trend of change in miR-766 regulation. In silico investigation was also
performed using promoter prediction and data from ChIP-seq, but the results revealed
little possibility for the host gene of miR-766 to be a transcription target of wild-type
p53. The observed upregulation of miR-766 in missense p53 tumours may be a result of
an unknown missense p53 gain-of-function that activates the host gene SEPT®.
Alternatively, the mechanism could be more indirect via regulation by a downstream

target of mutant p53. These hypotheses could be verified in future studies by in silico
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promoter analysis of miR-766, ChlP-seq and luciferase reporter assay to explain the trend

of higher expression of miR-766 in missense p53 tumours across multiple tumour types.

5.2. Overexpression of miR-9 leads to mutation specific knockdown of missense
p53

Chapter 3 of this thesis also focuses on the miRNA-involved p53 regulation, and
highlights the post-transcriptional regulation of a specific p53 mutant. As described in
chapter 3.1, ~80% of p53 mutations in cancer, including somatic and germline mutations,
occur as missense mutations [9]. The missense p53 proteins are often more stable, and
some variants transform its function from an inactivated tumour suppressor into an onco-
protein. Although it has been shown that the protein-mediated post-transcriptional
regulation of missense p53s differ from wild-type p53, little is known regarding the
miRNA-mediated regulation of missense p53. The current major belief is that in the
absence of 3’UTR variation of the mutant mRNA, miRNAs are incapable of
discriminating between missense and wild-type p53, which is supported by previous
studies [10, 11]. Surprisingly, my work found that overexpression of miR-9 could
discriminate between specific missense p53 mutations and wild-type p53, leading to
opposite consequences in p53 protein expression. To my knowledge, similar
observations have not previously been described and therefore this finding is novel and

significant.

To validate this observation, inhibition of miR-9 in the same cell lines to repeat the
consistent result with miR-9 overexpression would be important, and a broader panel of

cell lines with various p53 mutations should be used in further investigation. In addition,
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clinical data relating outcomes with particular p53 mutations and miR-9 expression
would significantly enhance the soundness of this work. Unfortunately, since R248Q and
R273H are only a small proportion of the overall missense mutations, the TCGA deep
sequencing data did not provide sufficient clinical data to accomplish this analysis. It is
expected that data from a larger cohort of tumour samples will be available in the near

future to undertake such analysis.

However, the molecular mechanism of this unique and unexpected observation,
particularly how this miRNA was able to discriminate between a specific missense p53
over other missense mutations, is still unclear, opening a wide range of possibilities to
explore in the future. A possible explanation of this miRNA-mediated mutation-specific
regulation is that the secondary structure of an mRNA may influence the access to
miRNA binding sites. In this scenario, changes of the secondary structure of a particular
missense mutant p53 mMRNA may expose a miRNA binding site within the ORF. This
hypothesis suggests that mMRNA higher order structure could be a new factor that
determines miRNA targeting. This hypothesis could be validated by undertaking a
bioinformatics analysis. For example, the hiCLIP approach could be used to reveal the
structural impact of missense mutations in p53 mRNA. The use of computational models
such as miREN [12] and Sfold [13, 14], which aim to analyse the folding structure of the
target MRNAs and to improve the current in silico prediction methods, would be relevant
to such a study. The Millar group in the Australian National University is currently
undertaking a project aiming to identify the effects of target MRNA secondary structures
on the repression efficiency of miRNA in plants. Surprisingly, although the analysis tools
have been available and researches have reported the impact of mMRNA secondary and
tertiary structure in the miRNA-targeting interactions [15, 16], the secondary structure
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of target mMRNAs is rarely considered in previous functional miRNA studies in human
diseases. Considering the high frequency of gene mutations in cancer, and the potential
impact of the mutants on the tertiary folding structure of the mRNAs, the lack of
understanding and awareness of this issue may result in neglecting many existing
miRNA- regulations that may exist when gene mutation or variation occurs. Thus, the
modelling and analysis of target mRNA structures and its impact on miRNA-AGO2
binding should be adopted as soon as possible into miRNA-related cancer research. To
validate this hypothesis, specific gene editing using CRISPR/Cas9 would help determine

the impact of certain mutations on miRNA-mRNA binding.

Another of our hypotheses to explain the mutation-specific impact of miR-9 relates
to possible 3’UTR variation of missense p53 mRNA that may exist, particularly in cancer
cells. One major issue with this hypothesis is that it fails to explain the miR-9 impact on
H1299 R248Q cells as the p53 mRNA does not contain 3’UTR in this inducible cell line.
Also it seems to be an unlikely coincidence of the same 3°’UTR variation occurring in
two unrelated cell lines (Ovcar3 and MDA-MB-468), which should be tested by
sequencing for the 3’UTR of p53 in these two cell lines. To date, we know little about
the connection between p53 missense mutation and 3’UTR variation, and there is
minimal data regarding 3’UTR variation. A few researches have reported loss of miRNA
binding sites due to 3’UTR variation or mRNA splicing [17, 18], yet it is unknown
whether such variation could create new miRNA binding sites [19-21]. As a new area
that remains largely unknown, | believe the importance of 3’UTR variation analysis

should be highlighted in future miRNA research.
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An alternative hypothesis to explain the mutation-specific effect of miR-9 is that it
can somehow upregulate a molecular structure sensitive protein that recognises and
degrades the specific mutant p53 proteins R248Q and R273H. To investigate this
hypothesis, high-throughput screening of proteins and computer modelling of the protein

folding structures would be required.

Similar to my miR-766 study, further study of the the upstream regulation of miR-
9 will be of interest. The regulation of miR-9 has been reported in previous studies via
activating the promoter of the miRNA but independent of the host gene [22-24].
However, whether and how the maturation of miR-9 is regulated still remains unclear.
Since missense p53 has been revealed to affect miRNA maturation by regulating Dicer
[25], itis of significant interest to investigate if the missense p53 protein has a role in the
maturation of miR-9; which may also explain the distinctive expression patterns of miR-

9 in missense and wild-type p53 tumours.

Both the miR-766 and miR-9 studies in this thesis add novel miRNA regulators to
the complex network of p53 signalling, and reveal that both miR-766 and miR-9
contribute to the tumour suppressor role of wild-type p53. Our findings suggest these two
miRNAs could be exploited to restore wild-type p53 function in future cancer treatment.
For example, the impact of miR-9 on specific mutant p53 also suggests that miR-9 may
be used as a wild-type p53 reactivator in the treatment of tumours with certain p53

heterozygous mutations.

209



5.3. A novel miR-375-androgen receptor feedback loop regulates growth of prostate

cancer cells.

Apart from the regulation of the tumour suppressor p53, a miRNA involved in
regulation of AR signalling in prostate cancer is also discussed in the second part of my
work. AR is a critical player in the development and progression of prostate cancer, and
as such is the major therapeutic target in this disease. MiRNAs participate in the
regulation of AR signalling by directly targeting AR or AR downstream genes in the

pathway [26].

This part of my work presents miR-375 as a miRNA that directly targets AR, and
effectively regulates the downstream signalling of AR. This work extends the current
knowledge of miRNA-AR regulation, and shows miR-375 is a negative factor in prostate
cancer progression, which is consistent with the finding in our previous report [27].
While being a target of miR-375, AR also directly transactivates the miR-375 promoter,
and induces the expression of miR-375. This work describes a novel miRNA-AR
negative feedback loop that potentially contributes to the balance of AR signalling in

healthy cells.

We identified AR as a direct target of miR-375 via the extended 6 kb 3’UTR of AR,
which is not assessed in many available algorithms (i.e. TargetScan). Six other miRNAs,
including miR-31, miR-654-5p, miR-203/205, miR-488* and let-7c, have also been
reported to target AR by binding the extended 3’UTR [28-33], while only miR-185 is
verified to target AR via the predicted 436 nt 3’UTR (identified by TargetScan) [34].

This suggests that the AR 3’UTR should be updated in publically-available algorithms.

210



Interestingly, this work illustrates a strong reduction of PSA secretion when miR-
375 expression is enforced, which is in conflict with the previous analysis of miR-375
expression and serum PSA levels in prostate cancer [35]. The inconsistency of our in
vitro result and clinical data may be explained by the targeting efficiency of the miRNA-
MRNA interaction. My hypothesis is that AR-mediated induction of the MIR375 gene is
a far more robust process than miR-375 targeting of AR. As a result, AR and its target
genes are positively correlated with miR-375 in prostate cancer, rather than negatively
correlated as may be expected given that AR is a direct target of this miRNA. Our in
vitro data also suggest that high tumour levels of miR-375 could profoundly influence
serum PSA levels; as such, quantitation of both markers may improve the prediction of

prostate cancer status [35].

5.4. Final comments

All three miRNAs studied in the work of this thesis exhibit dual-role roles in
different cancer contexts. The data presented in this thesis is consistent with miR-766 as
a potent tumour suppressor, while previous studies described it as an oncomiR. Both
miR-9 and miR-375 have shown both oncogenic and anti-cancer abilities in different
cancer models, and my work provides additional evidence supporting their tumour
repressive roles. The details that possibly defines the cancer context are still to be further
uncovered. To determine the general role of the miRNAS, meta-analysis of clinical data
and in vivo experiments should be used for different cancer models. Additionally, once
we more fully understand the complete repertoires of miRNA targets, we will be able to

much more readily understand the context-dependent roles of miRNAs. Also, gene
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mutation status should be acquired by deep sequencing to evaluate potential disruption

in miRNA-mediated pathways; however, this will require larger cancer datasets.

Collectively, miRNAs have emerged as critical functional regulators of cancer cells.
The work described in this thesis provides new evidence of miRNA: mRNA interactions
in multiple cancer types, and enhances our understanding of the regulatory mechanisms
underlying two essential signalling pathways in cancer. The three projects also each raise
questions relating to the molecular mechanism of miRNA-RNA interactions and the
translation from in vitro finding to in vivo and clinical studies. Multiple challenges to
draw a clear picture of the complexity of miRNA-mRNA networks in cancer exist, but
the types of studies presented here provide hope that we will eventually achieve this
ambitious goal — a goal that will help us to better understand, control and defeat cancer

as well as other diseases.
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