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ABSTRACT 

 

Neurodegenerative diseases such as Alzheimer’s disease and prion disease are closely related 

with specific gene and protein dysfunction. Prion diseases, also known as transmissible 

spongiform encephalopathies (TSEs), are characterized by the structural transformation of the 

cellular prion protein (PrPC) to the disease associated isoform (PrPSc). One hallmark of 

Alzheimer’s disease is the accumulation of beta amyloid (Aβ) plaques in the brain, resulting 

from the pathological cleavage of the amyloid precursor protein (APP) by β-secretase 

(BACE1) and the γ-secretase complex. MicroRNAs (miRNAs) are a class of small non-

coding RNAs that regulate gene or protein expression by targeting mRNAs and triggering 

either translational repression or mRNA degradation. Distinct expression levels of miRNAs, 

including miR-29b and miR-146a, have been detected in various biological fluids and tissues 

from prion disease and Alzheimer’s disease patients, as well as in cell and animal models. 

These miRNAs could be potential diagnostic biomarkers of these diseases, suggesting that 

investigating the miRNA functional roles and miRNA-target regulation pathways will 

improve our understanding of the disease regulation networks.  

 

The first aspect of the thesis utilized CRISPR/Cas9 gene editing to knockdown miR-29b and 

miR-146a respectively in a number of cell lines, and cell clones with stable miRNA 

knockdown were generated. Off-target analysis of the cell clones revealed the high specificity 

of CRISPR/Cas9 editing of miRNAs. Common and distinct pathways and novel targets of 

miR-29b were also identified in two cell lines using transcriptome profiling, and potential 

miR-29b targets in Alzheimer’s and prion diseases were revealed. In the second aspect of the 

thesis, miR-29b was shown to positively regulate prion protein levels in both miR-29b stable 

knockdown cell clones and miR-29b overexpressed cells. This regulation is not mediated 

through miR-29b target SP1 or potential target PPP2CA, which can interact with prion 

protein or was implicated in prion pathogenesis. miR-29b could further affect PrPSc 

generation through regulating prion protein levels and potentially affect prion progression. 

miR-29b was also revealed to regulate APP and BACE1, the two key proteins in Alzheimer’s 

disease, in in vitro models. Lastly, the dual roles of miR-146a in regulating prion protein and 

inflammatory pathways were revealed in prion disease. miR-146a can upregulate prion 

protein levels in both overexpressed and stably downregulated cell models, as well as in miR-

146a transgenic mice generated using CRISPR/Cas9 gene editing. miR-146a overexpression 
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also resulted in the decreased formation of PrPSc in prion cell models. The miR-29b/miR-

146a-PrP-PrPSc pathways possibly share a similar mechanism involving the interaction of 

prion protein with Argonaute protein – the key component of miRNA induced silencing 

complex (miRISC). Prion protein was demonstrated to be a direct target of miR-146a. miR-

146a can also target inflammatory regulator TRAF6 in both prion infected cell models and in 

miR-146a transgenic mice. 

 

The findings from this thesis have important implications for the comprehensive 

understanding of prion disease pathogenesis. The miR-29b/miR-146a-PrP-PrPSc pathways 

and miR-146a mediated inflammatory pathway are added to the regulation network of prion 

disease. miRNAs represent novel regulators in prion diseases and other neurodegenerative 

disorders and hold promise to be future therapeutics to cure prion disease. 
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CHAPTER 1 - INTRODUCTION 

 

1.1 Neurodegenerative diseases 

Neurodegenerative diseases encompass a large group of invariably fatal disorders, including 

Alzheimer’s, Parkinson’s and Huntington’s disease, amyotrophic lateral sclerosis (ALS) and 

prion diseases, also known as transmissible spongiform encephalopathies (TSEs) (1). These 

diseases are characterised by the progressive loss of neuronal structures and functions, 

resulting in the death of the neurons and concomitant alterations in the psychological, 

behavioural and cognitive states of patients (2). A common underlying pathogenic 

mechanism associated with many neurodegenerative diseases is the misfolding and 

aggregation of specific disease associated proteins (1). For example, the misfolding of the 

normal cellular prion protein (PrPC) into the disease associated isoform (PrPSc), which then 

accumulates in the brain, is the major causative event in prion diseases (3). Prion diseases are 

distinctly different from other neurodegenerative diseases due to their transmissibility, in 

addition to inherited and sporadic forms of these disorders (3). 

 

 

1.2 Prion diseases 

1.2.1 The origin of prion disease 

Prion diseases are a family of invariably fatal neurodegenerative disorders characterised by 

spongiform vacuolation and degeneration of the brain, affecting both animals and humans 

(4). The disease was first described in infected sheep in 1700s by a German shepherd, and it 

was later referred to as scrapie (5). Anatomical and microscopic analyses of brain tissue from 

prion infected sheep revealed significant injury to the central and peripheral nervous systems, 

as well as vacuolation of the brain tissue, which is the main pathological feature of prion 

disease (4).  

 

The transmissibility of prion disease was first confirmed in 1936 following the successful 

transmission of scrapie between sheep (6). In this study, scrapie free sheep, which had been 

observed for 18 months to ensure the absence of scrapie, were inoculated intraocularly, 

epidurally, subcutaneously and intracerebrally with suspensions made from the brain and 

spinal cord of scrapie infected sheep. Symptoms characteristic of scrapie were displayed by 

the experimentally infected sheep between 11 and 22 months post inoculation. Shortly after, 
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the healthy sheep that were sharing a grazing paddock with scrapie infected sheep, but never 

came into direct contact with the infected sheep, also developed scrapie (5-7). 

 

 

1.2.2 Prion diseases in humans and animals 

1.2.2.1 Animal prion diseases 

Examples of animal prion diseases include scrapie in sheep and goats, bovine spongiform 

encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids, transmissible 

mink encephalopathy (TME) in mink and feline spongiform encephalopathy (FSE) in 

domestic and captive cats (Table 1.1). One of the most well-known animal prion diseases is 

bovine spongiform encephalopathy (BSE) in cattle, also known colloquially as ‘mad cow 

disease’. BSE was first recognised in the United Kingdom in 1985, and rapidly developed 

into an epidemic (8). Cattle affected with BSE displayed progressive changes in behaviour, 

including becoming more aggressive, exhibiting impaired ataxia and abnormal responses to 

touch and sound. Dietary supplements of meat and bone meal from cattle with BSE were 

identified as the most likely reason that caused the spread of BSE among cattle (9, 10). 

Almost two million cows were slaughtered. A following ban on feeding contaminated meat 

and bone meal to cattle led to the rapid decline of the epidemic (9, 10). 

   

1.2.2.2 Human prion diseases 

The first case of human prion disease was described in 1920 by German neurologist Hans 

Gerhard Creutzfeldt. He reported the illness of a female patient with symptoms like 

progressive dementia, tremors, spasticity, ataxia and myoclonus (11, 12). Alfons Maria Jakob 

described similar cases the following year, thus the disease was named Creutzfeldt-Jakob 

disease (CJD) (11, 13). Human prion diseases can occur via three different aetiologies (Table 

1.1). They can arise sporadically, be inherited through mutations in the prion protein 

encoding gene PRNP, or be acquired through exposure to infectious material, including 

consumption of contaminated meat, or medical procedures such neurosurgery and blood 

transfusions using contaminated neurosurgical instruments and materials (3, 4).  

     

Up to 85% of prion disease cases occur sporadically, with a generally uniform worldwide 

distribution of cases. The onset of sporadic CJD (sCJD) is usually between the ages of 45-75, 

with symptoms like rapid progressive dementia with myoclonus and cerebellar symptoms 
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including ataxia and seizures (14). The clinical progression for this disease is short and death 

typically occurs within 12 months (15). The disease potentially arises from the sporadic 

conversion of cellular prion protein PrPC to infectious isoform PrPSc; another hypothesis is 

that age-related somatic mutation in the PRNP gene results in the formation of misfolded 

PrPSc (16, 17).  

 

 

 

Table 1.1 Different types of prion diseases in animals and humans. 

 

 

The familial human prion diseases account for approximately 15% of cases and are caused by 

inherited autosomal dominant mutations in the prion protein encoding gene PRNP. The three 

main phenotypic forms of familial prion diseases are Gerstmann-Sträussler-Sheinker 

syndrome (GSS) (18), familial CJD (fCJD) (19) and Fatal Familial Insomnia (FFI) (20). Each 

of these diseases could cause slow progressive cerebellar ataxia with pyramidal features. GSS 

Types of Prion Diseases                              Species                                                              

Animals 

Scrapie                                                                     Sheep/Goats 

Transmissible Mink Encephalopathy (TME)                 Mink 

Chronic Wasting Disease (CWD)                              Mule/Deer/Elk 

Feline Spongiform Encephalopathy (FSE)                 Domestic/Captive Cats 

Bovine Spongiform Encephalopathy (BSE)                          Cattle 

 

Humans 

Sporadic (~85% of total cases) 

Sporadic Creutzfeldt-Jakob Disease (sCJD)     Human 

 

Inherited (~15% of total cases) 

Gerstmann-Straüssler-Scheinker Syndrome (GSS)             Human 

Familial Creutzfeldt-Jakob Disease (fCJD)                           Human 

Fatal Familial Insomnia (FFI)                                           Human 

 

Acquired (< 1% of total cases) 

Kuru                                                          Human 

Iatrogenic Creutzfeldt-Jakob Disease (iCJD)                        Human 

Variant Creutzfeldt-Jakob Disease (vCJD)                           Human 
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patients usually have late onset dementia, fCJD is characterized by a rapidly progressive 

dementia with myoclonus, and FFI involves progressive untreatable insomnia, hallucinations 

and autonomic dysfunction (18-20). 

 

The third aetiology of human prion diseases is acquired, including iatrogenic CJD (iCJD), 

kuru and variant CJD (vCJD), and is caused by exposure to human prions through medical or 

surgical procedures, endocannibalism (as in cases of kuru) and consumption of contaminated 

food, respectively. It accounts for less than 1% of prion disease cases (21). Iatrogenic CJD 

was first observed in 1974 in a patient who developed the disease 18 months after receiving 

corneal graft transplantation from a patient who later died of CJD (22). Implantation of 

human dura mater, cadaverically derived pituitary growth hormones, gonodotrophins and 

neurosurgical instruments have been identified as the mechanisms responsible for the 

transmission of iCJD. The incubation period is highly dependent on the inoculation site and 

varies from 6 months to 30 years (21). Mice treated with peripheral prion inoculation 

exhibited a clinically silent period during which prions replicate within the lymphoreticular 

systems (23). This accumulation occurs before prions can be detected in neurons, thus before 

the onset of neurological symptoms (23). In comparison, intracerebral inoculation of prions 

would typically lead to a shorter incubation period, inducing an immediate accumulation of 

prions in neurons and a more rapid onset of neurological symptoms. 

 

Kuru was identified in the 1950s in members of the Fore linguistic group of Papua New 

Guinea (24). This disease mainly affected women and young children, with an illness 

duration spanning from 6 to 36 months characterized by progressive ataxia (24). The origin 

of kuru was thought to be from a case of sCJD that occurred in the population (25). It was 

later found that the ritualistic consumption of brain tissues from deceased relatives by women 

and children was responsible for the transmission. A key determinant of genetic susceptibility 

of the population to acquired and sporadic CJD is a common single nucleotide polymorphism 

(SNP) on PRNP, located at residue 129, which encodes for methionine (M) or valine (V). 

Individuals that are heterozygotes (M/V) at codon 129 are protected against developing sCJD 

(26), whereas homozygotes for methionine (M/M) predispose higher risk to develop acquired 

and sporadic CJD, suggesting that valine (V) is protective (27-30). The protective effect of 

valine (V) at codon 129 was also observed in iCJD and vCJD patients. Cannibalism was 

banned in the late 1950s, although cases were still seen in early 2000s due to the long 

incubation period of the disease (30). 
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Variant CJD (vCJD) was first identified in young adults in the United Kingdom in 1996 and 

was found to be related to the transmission of BSE (31). Experiments that exposed two 

groups of mice to either BSE or vCJD prions obtained similar incubation periods and 

spongiform vacuolation, suggesting the correlation between vCJD and BSE (31-34). This 

raised major health concerns that a mass epidemic could result from exposure to BSE 

contaminated meat or via medical or surgical procedures. The duration of illness for vCJD is 

8 to 38 months and results in psychiatric symptoms followed by cerebellar signs, involuntary 

movements including myoclonus, chorea or dystonia, and ultimately leads to death at the 

average age of 29 (35, 36). There are no known PRNP mutations associated with vCJD, 

however, all of the reported cases have been individuals that are homozygous at codon 129 

(M/M) (37, 38), and individuals heterozygous at codon 129 (M/V) are at risk of suffering a 

prolonged disease incubation period (38, 39). A case in 2015 described a 36-year-old man 

who was diagnosed with vCJD through neuropathological examination, and died 6 months 

after diagnosis (40). The genotype of this patient at PRNP codon 129 was identified to be 

M/V (40), adding evidence to the correlation of this polymorphism with prolonged incubation 

period of this disease. 

 

 

1.2.3 Cellular prion protein - PrPC 

1.2.3.1 Endogenous expression of PrPC 

The cellular prion protein, PrPC, a highly conserved protein among mammalian species, is 

predominantly expressed in the central and peripheral nervous systems (41, 42), while lower 

levels of expression exist in non-neuronal tissues such as lymphoid cells, muscle, heart, 

kidney, gastrointestinal tract, lung, and mammary glands (43-45). It is mainly known for its 

role in prion diseases, wherein its misfolding and aggregation cause inevitably fatal 

neurodegenerative conditions (46). However, its high conservation throughout mammals 

suggests its existence of benefits and potential physiological functions in a variety of cellular 

mechanisms (47), including myelin maintenance, synaptic function, cellular stress and other 

neurodegeneration pathogenesis, such as Alzheimer’s disease (AD) (48, 49). 

 



6 
 

1.2.3.2 PrPC encoding gene PRNP and its transcriptional regulation 

The cellular prion protein is encoded by the PRNP gene, which is located on chromosome 20 

in human species, whereas in mice, it is located on chromosome 2, with the entire protein-

coding open reading frame located within the third exon of PRNP (50-52). The PRNP gene 

family is possibly evolutionally descended from the LIV-1 branch of the ZIP (Zrt-, Irt-like) 

metal ion transporter family (53), and contains two other members, SPRN and PRND (54). 

SPRN, situated on chromosome 10 in human genome, encodes for protein Shadoo, and 

PRND encodes for protein Doppel (54). Shadoo and Doppel share structural similarities to 

PrPC (54).  

 

PRNP has a short GC-rich region immediately upstream of its transcription start site (TSS), 

as well as other features common to housekeeping genes (55, 56). Its intron 1 and the 

sequences upstream of the TSS also contain evolutionarily conserved, putative binding sites 

for transcription factors, including SP1 (57), activator proteins 1 and 2 (AP1/2) (58), forkhead 

box protein O3 (59), regulatory factor X1, heat shock factor 2, GATA-binding factor 3, 

thyrotrophic embryonic factor, myocyte enhancer factor 2, ecotropic viral integration site 1, 

E4 promoter-binding protein 4, and nuclear matrix protein 4/cas-interacting zinc finger 

protein (60) (Figure 1.1). These regulatory factors presumably enable dynamic control of 

PrPC expression in response to various stimuli. For example, cultured cells treated with nerve 

growth factor, insulin or insulin-like growth factor showed activated expression of PrPC (59, 

61, 62). In addition, endoplasmic reticulum (ER) stress (63), oxidative stress (64) and 

genotoxic stress (65) can also cause upregulation of PrPC expression. Transcriptional factor 

SP1 has been found to have three potential binding sites within the proximal promoter region 

of human PRNP based on sequence analysis (58), and these binding sites are conserved 

between human and bovine. The SP1 binding site polymorphisms were shown to influence 

PRNP promoter activity in bovine (66); in humans, SP1 was found to be involved in copper-

mediated regulation of PRNP, by potentially acting as copper-sensing transcriptional 

activator of PRNP,  which supports the role of prion protein PrPC in copper homeostasis (67). 

In addition, copper was found to regulate the expression of rat PRNP promoter in neurons via 

putative metal response element (68), adding evidence of the role of PrPC in copper 

homeostasis. 
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Figure 1.1 Transcriptional regulation of PRNP. PRNP can be transcriptionally regulated by 

transcription factors AP1, AP2, SP1 and CCAAT box in the promoter region; in the 3’ untranslated 

region (3’ UTR) of PRNP, miRNAs can bind through their complementary sequences and inhibit 

translation of PRNP or lead to PRNP degradation. miR-146a is predicted to have binding sites in the 

3’ UTR of PRNP. 

 

 

A class of small non-coding RNAs, called microRNAs (miRNAs), are found to target the 

PRNP mRNA 3’ untranslated region (3’ UTR) through seed region base pairing, and induce 

mRNA degradation or translation repression (69). miRNA profile changes have been broadly 

detected in various biological processes and diseases. For example, 16 differentially 

expressed miRNAs including miR-143, miR-15a et al were detected in the serum of 

Alzheimer’s disease (AD) patients compared to healthy controls; combining with other risk 

factors, these miRNAs exhibited high sensitivity and specificity in predicting AD occurrence 

(70). The roles of miRNA to act as both disease diagnostic biomarkers, and the regulators of 

disease associated genes or proteins, have been suggested (70). microRNA-146a (miR-146a), 

an inflammatory regulating miRNA (71), has predicted binding sites in the 3’ UTR of PRNP 

based on miRNA targets prediction (Figure 1.1), implying that miR-146a might potentially 

regulate PRNP expression and influence prion protein PrPC activity in prion disease. 

 

1.2.3.3 PrPC trafficking  

The precursor prion protein consists of 253 amino acids, including an N-terminal signal 

peptide for its entry into the endoplasmic reticulum (ER). The majority of precursor PrPC 

molecules were translocated into ER, wherein the C-terminal signal peptide is cleaved off and 

a glycophosphatidylinositol (GPI) anchor is attached. Removal of both N- and C-terminal 

signal peptides results in a mature protein of 208 amino acids (residues 23-230 of the 

precursor protein). However, due to the inefficiency of the ER-targeting signal (72), a small 

percentage of precursor PrPC may be retained in the cytoplasm, and this part of PrPC was 

found to be upregulated in response to ER stress (73). The mature form of PrPC in ER then 
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transports to the Golgi apparatus where it is sorted for trafficking to the cell surface. Once 

there, PrPC is anchored to the plasma membrane via the GPI anchor and resides specifically 

in lipid rafts (74-78). The cell surface PrPC is believed to be the main functional form, and its 

localization on lipid rafts was found to be required for the formation of PrPSc (79-81).  

 

To keep tight control of cell surface PrPC level, PrPC undergoes internalisation, followed by 

PrPC trafficking back to the cell membrane via recycling endosomes (82-84), or being 

degraded by lysosomes (85). This recycling process may also result in PrPC being localized in 

the Golgi apparatus (83, 86, 87), the nucleus (65, 88, 89), mitochondria (90-93) and in the 

extracellular vesicles – exosomes, which are membrane-bound and vesicle-like structures that 

are derived from multivesicular bodies (MVBs) that are formed within the endosomal 

pathway (94-97).  

 

1.2.3.4 PrPC structure  

The prion protein is composed of an intrinsically disordered N-terminal region, and a 

globular structured C-terminal domain (98-100) (Figure 1.2). The N-terminal region contains 

four tandem repeats of a sequence of eight amino acids – octapeptide repeats, which are 

highly conserved among species (60). Insertional mutations in octapeptide region have been 

found to be associated with the occurrence of familial prion disease (101, 102). Two distinct 

binding sites for copper were found in the octapeptide repeat region between residues 60-91 

and outside the region within residues 91-111 (103-107). The copper binding sites within 

octapeptide region have been shown to induce the endocytosis of cell surface PrPC in a 

reversible manner (108, 109), and can reduce Cu2+ to Cu+ in vitro (110, 111), suggesting a 

possible role of PrPC in regulating cellular uptake of copper. In addition, PRNP knockout 

(PRNP-/-) mice exhibited lower copper levels in cerebellar cells compared with wildtype 

controls (112), implying that PrPC is important for maintaining copper homeostasis. 

Argonaute protein (AGO), the key component of the miRNA-induced silencing complex 

(miRISC), has been identified to bind to PrPC through its GW/WG motifs (G: glycine, W: 

tryptophan) in the octapeptide region (113-115), suggesting a possible role of PrPC in miRNA 

function pathways via interacting with AGO.  

 

The C-terminal domain of PrPC is comprised of three -helices, two -sheets and 

interconnecting loops. Its C-terminus contains a disulphide bond between residues 179 and 
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214 (116) and N-glycosylation sites at residues 181 and 197, enabling PrPC to exist in un-, 

mono- or di-glycosylated forms (117-119). A hydrophobic region (residues 112-133) is 

located between the N- and C-terminal domains, and is reported to be involved in PrPC 

dimerization (120, 121), and potentially carries neurotoxic properties (122). 

 

 

 

 

Figure 1.2 The primary structure of cellular prion protein PrPC. PrPC is composed of a flexible 

N-terminal tail and globular C-terminal domain. The N-terminal signal peptide enables PrPC to enter 

the endoplasmic reticulum (ER) for further maturation; the octapeptide repeat region contains binding 

sites for Argonaute protein and copper; copper can also bind to the area outside of octapeptide repeat 

region. The glycosylation sites and GPI anchor attachment sites are located in the C-terminal domain. 

The hydrophobic domain resides in-between the N- and C-terminal domains. 

 

 

1.2.3.5 Proteolytic processing of PrPC 

PrPC is cleaved during its transportation through the secretory pathway as part of its normal 

cellular processing. The N-terminal signal sequence and the GPI signal peptide are both 

cleaved off before the protein reaches the cell surface (82). Once there, the protein undergoes 

further proteolytic cleavage as part of its posttranslational modification (123, 124).  

 

There are three types of PrPC proteolytic cleavages, termed -, -, and possibly also -

cleavage. These cleavages release the so-called N1 + C1, N2 + C2, and C3 fragments, 

respectively (82, 125-127), and these fragments can be detected in both cell lines and brain 

tissues (127, 128), suggesting their important roles in prion protein functions and prion 

disease pathogenesis. The -cleavage of PrPC occurs in either an endosomal compartment 

(82) or within the Golgi apparatus (125). The hydrophobic region of the protein is cleaved at 
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residue 110-111, forming the soluble 9 kDa (kilo Dalton) N-terminal fragment (N1), which is 

released from the cell, and a 17 kDa C-terminal fragment (C1), which translocates to the cell 

surface and becomes GPI anchored (82, 128). About 50% of PrPC molecules are in the form 

of C1 fragments in the sheep cerebral cortex (129). PrPC mutants lacking the -cleavage sites 

show spontaneous neurodegeneration with pathological features distinct from those of prion 

disease (130). Additionally, α-cleavage can prevent PrPC from being converted into prion 

disease isoform PrPSc (131), implying the importance of -cleavage in modulating prion 

disease pathogenesis. 

 

-cleavage occurs within the octapeptide repeat region, and generates a 21 kDa C-terminal 

fragment (C2) that is retained on the cell surface and the N-terminal fragment (N2), which is 

released from the cell (81, 128, 132-134). This process occurs on the cell surface, and is 

potentially mediated by elements that bind to the octapeptide region, such as copper (133-

135). Cell lines expressing PrPC mutant lacking -cleavage sites are unable to respond to 

oxidative stress (134), indicating that -cleavage is essential for PrPC to protect cells against 

oxidative stress. Additionally, -cleavage has also been shown to increase in prion infected 

mouse models and in the brains of CJD patients, suggesting its role in the pathogenesis of 

prion disease (126). The -cleavage can occur after PrPC has exited the ER and upon reaching 

the cell surface (127). Like other C-terminal and full length PrPC species, the fragment C3 

has a GPI anchor, but it does not localize primarily at the cell surface, and is preferentially 

cleaved from un-glycosylated substrate (127). The C3 fragment was detected in the brain of a 

sporadic CJD patient, so might be of pathogenic significance (127). Some other forms of 

PrPC processing also exists, such as ‘shedding’, which has the protein cleaved at residue 227-

228, whereby the GPI anchor and three adjacent amino acid residues are removed, and the 

remaining fragment N3 being released into the extracellular medium (136, 137). 

 

 

1.2.4 The infectious isoform - PrPSc 

According to protein only hypothesis, the transmissible prion agent is devoid of nucleic acid 

and consists solely of an abnormal disease associated isoform of prion protein (46). The 

endogenous cellular prion protein, PrPC, which is mainly -helical in structure, is converted 

into a disease-associated -sheet enriched isoform, PrPSc (138-141); seeds of multiple PrPSc 

molecules drive further conversion of PrPC into PrPSc, thereby multiplying the amount of 
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PrPSc and leading to accumulation and deposition of PrPSc in the brain, leading to 

neurological symptoms including spongiform change and neuronal loss (142-146). 

 

The conversion of the cellular prion protein PrPC to the disease isoform PrPSc likely occurs as 

the two proteins traffic along the endocytic pathway, wherein PrPC is exposed to PrPSc. PrPSc 

has been discovered to be enriched in lysosomes, and late endosome-like organelles, where 

the GPI anchored PrPC is subjected to normal degradation (147-150). Endosomal recycling 

compartment was later identified to be a likely site of prion conversion, whereas early and 

late endosomes were excluded (151-154). There is also evidence that prion conversion occurs 

on the plasma membrane (151, 155). Most recently multivesicular bodies (MVBs) were 

identified to be the potential major sites for the intracellular conversion of PrPC to PrPSc 

(156). 

 

The β-sheet rich structure of PrPSc protects itself from proteolytic digestion, and enables the 

formation of amyloid plaques. Partial resistance to proteinase K (PK) digestion of PrPSc is 

used as a diagnostic tool in prion disease. However, protease sensitive prion species exist, 

and prion infectivity is not always associated with the PK resistance of PrPSc (157, 158). 

Instead, various prion strains are distinguished by their biological properties on prion 

transmission, the neuropathology following infection, and the physical and chemical 

differences of PrPSc (32, 159, 160). In addition, disruption in the amino acid sequences and 

structure of PrPC also impact prion disease progression. For example, mice with mutation 

P101L on PRNP, and subjected to prion infection with ME7 strain, exhibited prolonged 

disease incubation time compared with wildtype mice (157). Besides, a specific prion strain 

as well as the primary structure and sequences of prion protein can create a species barrier, 

making prion transmission between species more difficult than within the same species (28, 

161, 162). Transgenic mice expressing hamster PrP are highly susceptible to prions derived 

from scrapie infected hamsters compared with wildtype mice (163).  

 

 

1.2.5 Toxic protein species in prion disease 

PrPSc has been defined as PK resistant species (denoted PrPres), and PrPSc accumulation was 

thought to be the main pathogenic event that leads to neurodegeneration (15). However, 

analysis of brain tissue from individuals who died of prion diseases demonstrated that 
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pathogenesis severity does not always correlate with the amount of PrPSc aggregates (164-

166). Other studies also showed that there is no strict correlation between PrPSc deposition 

and the disease severity, suggesting that PrPSc aggregation is unlikely to be neurotoxic and 

may just be an endpoint to disease pathogenesis (167-173). Recruitment of misfolded PrPSc 

into aggregates might be a mechanism to sequester small neurotoxic species away from vital 

cellular compartments where they cause substantial damage (174). Additionally, PRNP was 

identified to be essential for the prion mediated neurotoxicity. For example, when prion 

infected tissue was grafted into the brains of PRNP knockout mice, no detrimental effect was 

caused to neighbouring tissues devoid of PrPC (145). Another study described that PrPSc 

produced by astrocytes is not directly neurotoxic without sustained neuronal expression of 

GPI-anchored PrPC (173, 175), suggesting the involvement of other factors in the 

neurotoxicity of PrPSc. These findings indicate that it is the conversion of PrPC to PrPSc, 

rather than the aggregation of PrPSc, that contribute to the major component of neurotoxicity. 

 

There are potentially a broad spectrum of misfolded PrPSc species that are responsible for the 

infectivity and neurotoxicity associated with prion disease. PrPL (L for lethal) might be 

generated as an intermediate or byproduct during the conversion of PrPC to transmissible 

species of PrPSc (167), and its accumulation potentially cause neurotoxic effects in particular 

subcellular compartments (176). Oligomeric species of PrPSc could inhibit the 26S 

proteasomes in vitro (177), and they appear at an earlier stage of prion infection than PrPSc 

(178), supporting the PrPL hypothesis. It was later shown that pre-fibrillar, monomeric or 

small oligomeric conformations of prion protein, rather than fibrillary large aggregates, 

represents the neurotoxic species (179-181). Indeed, recombinant monomeric -helical PrP 

was highly neurotoxic to murine neuronal cells and caused dose dependent toxicity in mouse 

brain following subhippocampal stereotaxic injections (182). Protease-sensitive PrPSc 

(sPrPSc) were also shown to possess infectious properties and induce pathologic phenotypes 

(181, 183). Mice inoculated with synthetic sPrPSc developed neurodegeneration characteristic 

of prion disease, but did not generate de novo protease-resistant PrPSc (183-185).  

 

An alternative explanation of prion protein induced toxicity involves the potential role of PrP 

in apoptotic signalling pathways. Rambold et al discovered that PrPSc was capable of 

transmitting a trans apoptotic signal to surrounding cells, a process that required the presence 

of the hydrophobic domain of PrP (120). Expression of the PrP octapeptide repeat region in 
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transgenic mice leads to progressive neuronal loss that was partially modulated by the 

Bcl2/Bax apoptotic pathway (186). In addition, transgenic mice overexpressing PrP exhibited 

abnormal PrP trafficking, with PrPC localizing to the mitochondria and resulting in caspase-3 

activation (90). These findings indicate that prion protein induced cell toxicity may be related 

to apoptotic signalling pathway. Besides, endoplasmic reticulum (ER) stress might be another 

factor in inducing the neurotoxicity of prion disease. A cell responds to ER stress by 

triggering the unfolded protein response, which acts to increase chaperones to improve 

protein folding, trigger global inhibition of protein synthesis, increase ER volume, and 

activate other protein degradation pathways. The PERK arm of the unfolded protein response 

pathway has been associated with neurodegeneration in prion disease (187). Treatments 

targeting this pathway in prion infected mice reversed cognitive deficits and improved 

synaptic function independent of PrPSc deposition (188, 189).  

 

Separate species of PrPSc might be responsible for prion transmission and neurotoxicity. A 

‘two phase’ hypothesis on the transmissibility and neurotoxicity in prion disease was 

proposed (190). The first phase is constituted by propagation of transmissible isoforms of 

PrPSc, and the second, neurotoxic phase is driven by misfolded neurotoxic prion proteins 

(191, 192). In this hypothesis, production of PrPSc species is triggered only when propagation 

of transmitting forms of PrP saturate, leading to an abrupt switch from autocatalytic 

production of infective PrPSc species to production of neurotoxic PrPSc species. Decreased 

PrPC levels are correlated with plateauing of propagation of the transmissible forms of PrPSc, 

while exhibiting less impact on the generation of presumably small, toxic, protease-sensitive 

PrPSc oligomers (181). 

 

While the precise components of the neurotoxic species in prion disease have not been 

completely elucidated yet, the studies discussed here shed light on the events that may 

contribute to the prion neurodegeneration, which is very likely to be the result of multiple 

molecular factors and species functioning together.  
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1.2.6 Prion disease models 

Prion infected cells and animal models are widely used to study the mechanisms of prion 

pathogenesis and to identify therapeutic targets to treat prion diseases, before doing clinical 

trials on patients. Certain cultured cell lines are susceptible to prion infection and can be used 

as model systems to investigate the molecular biology of disease transmission. Mouse 

neuroblastoma N2a cells and embryo fibroblast NIH/3T3 cells are widely used to study prion 

infection (193). Prion infected neural cells display no universal transcriptional changes and 

phenotypes, implying that cultured cell lines are relatively resistant to prion induced toxicity 

(194). Western immunoblotting and cell immunoblot assays are commonly used to monitor 

the prion infectivity in cultured cells by determining the presence of PrPSc (193). 

 

Prion protein is universally expressed in most mammals, suggesting that it confers a 

beneficial effect evolutionally. However, there exist animal species that are devoid of PrPC 

expression. Goats of the Norwegian Diary Goat breed were homozygous for a PRNP allele 

with a premature stop codon at position 32 - a few amino acids after the end of N-terminal 

signal peptide, leading to the absence of PrPC expression (195). The goats reproduce and 

behave normally (195), although it was reported to have increased red blood cells and 

neutrophil counts (196). Experimentally, multiple PrPC knockout mice models have been 

generated since 1992. The first PrPC knockout mice were referred to as Zurich I (197) and 

Edinburgh 1 (198), both of which showed resistance to prion transmission (141, 199), and 

displayed no major deficits in development or behaviour (199). Later it was observed that 

Edinburgh 1 prion mice model exhibited cognitive deficits and alterations in circadian 

rhythms (200, 201). Further evaluation of both knockout lines identified increased 

susceptibility of these mice to glutamate excitotoxicity (202-204), increased sensitivity to 

oxidative stress (205) and impaired synaptic transmission (206, 207).  

 

Other PrPC knockout mice lines include the Nagasaki (208), Rcm0 (209), and Zurich II (210), 

all of which developed a late onset ataxia due to the death of cerebellar Purkinje neurons 

(208-211). However, these neurotoxic changes might be caused by the ectopic expression of 

Doppel, another family member of PrPC, other than PrPC depletion itself (209, 212, 213). The 

most recent PrPC knockout mice line Zurich III was created using transcription activator like 

effector nuclease genome editing technology (TALEN), and it is free from the problems 
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caused by interfering linked genes (214), thus serving as a good animal model for studying 

prion disease.  

 

 

1.2.7 Therapeutic strategies for curing prion disease 

Therapeutic strategies for the treatment of prion diseases include inhibition of PrPC 

expression, inhibition of the conversion of PrPC to PrPSc, reduction of PrPSc levels and 

inhibition of the formation of PrPSc oligomers (215). Thus far, there are genetic approaches, 

including the generation of transgenic models to decrease PrPC expression, and chemical 

approaches with variable targets and effects (215).  

 

1.2.7.1 Prion protein depletion strategy 

Depletion of PrPC has been the most attractive strategy for therapeutic development. PRNP 

knockout mice appeared normal in development and behaviour, and are resistant to prion 

infection for at least 13 months, while wildtype control animals died within 6 months (199). 

Consistent with the protein-only hypothesis, hemizygous PRNP-/+ mice exhibited enhanced 

resistance to prion inoculation (199). Conditional knockout of PrPC expression in mice with 

established disease recovered certain brain functions, including early spongiform change, 

prevented neuronal loss and progression to clinical disease (173, 216), which confirms 

reducing or ablating PrPC expression as an attractive strategy. Additionally, siRNA targeting 

PRNP delivered into the hippocampus of prion infected mice prevented the early onset of 

cognitive and behavioural deficits, decreased PrPSc aggregation and spongiform degeneration, 

and protected against neuronal loss, resulting in increased survival time of prion infected 

mice (217).  

 

1.2.7.2 Anti-prion compounds 

Efforts have been made in searching for anti-prion drugs using in vitro models, prion infected 

animal models and in silico screening (215, 218, 219). Compounds potently inhibit PrPSc 

formation not only by binding to PrPC but also changing the environment around the binding 

site to suppress the PrPC to PrPSc conversion (220). Autophagy related anti-prion compounds, 

such as Astemizole and Tacrolimus, reduced the level of cell surface PrPC and suppressed 

prion conversion in N2a cells; they also prolonged the survival time of prion infected mice 

(215, 221, 222). Tamoxifen and its metabolite 4-hydroxytamoxifen can promote PrPSc 
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clearance, by transporting PrPC and PrPSc to lysosomes for degradation (223). Several other 

compounds, including Flupirtine, Quinacrine, Pentosan polysulfate, and Doxycycline, have 

been used on clinical trials on patients. New anti-prion compounds, including compound B, 

IND series and Anle138b, have been discovered (215).  

 

A polyamine compound, SuperFect, containing the key component dendritic polymers 

polypropyleneimine (PPI), can decrease PrPSc levels and prevent the newly formation of 

PrPSc in prion infected N2a cells (224, 225). In vitro exposure of RML prion strain to PPI 

prevented prion aggregation, decreased the -sheet content and increased the susceptibility of 

prion protein to proteolysis (224, 225). The tetracyclic compound, anthracycline 4’-iodo-4-

deoxy-doxorubicin (IDX), is an anticancer drug and is able to bind to amyloid fibrils in vitro 

(226); IDX treatment delayed disease onset and clinical signs of prion infected Syrian 

hamsters, accompanied with delayed neuropathological changes and accumulation of prion 

protein amyloid, resulting in prolonged survival time of the mice (227). However, due to its 

high toxicity and poor ability to penetrate the blood brain barrier (BBB), IDX was not 

considered suitable for clinical trials. The anti-malarial drug, Quinacrine, has been shown to 

inhibit PrPSc formation in prion infected cells via eliminating a specific subset of PrPSc 

conformers (228-230). Quinacrine was used to treat patients with vCJD or sCJD in several 

clinical studies, but no improvement on survival rate was observed, probably due to its 

inefficiency to cross the BBB (231-237). 

 

Pentosan polysulfate (PPS) is a sulphated semisynthetic polysaccharide and it was reported to 

decrease PrPSc levels in prion infected cells (238-240). After being injected intraperitoneally 

or intravenously in prion infected animals, it inhibited prion replication and prolonged 

disease incubation periods of the animals, possibly through interacting with PrPC or PrPSc 

(238, 241). However, vCJD patients treated with PPS did not have significant 

neuropathological changes in the brain (242-244), although it prolonged the life of three 

patients by 84, 105, 114 months, respectively (242, 245). Another compound, Amphotericin 

B (AmB), is a fungal antibiotic and acts by disrupting the cell membrane. It was found to 

decrease the PK resistance of mutant PrP and the level of PrPSc in prion infected neuronal 

cells (246, 247). It also delayed disease onset in scrapie infected hamsters (248-251), but 

conferred no effect in clinical treatment on patients (252). 
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The thraminopyridine compound, Flupirtine, is a well-established drug that was able to 

protect neuronal cells from prion aggregation induced cell death (253, 254). It was tested in 

28 CJD patients in 1997 in Germany. Although it showed beneficial effects on cognitive 

function of the patients, no significant effects were observed on the survival rate of patients 

(255). Another drug Doxycycline was shown to prolong the survival time of prion infected 

animals when administered peripherally or intracerebrally (256). However, no significant 

difference on survival or disease progression in CJD patients were observed, possibly due to 

the ineffectiveness of doxycycline on patients who had developed disease symptoms (257). 

Another clinical trial on individuals with genetic mutations associated with fatal familial 

insomnia (FFI) started in 2015, and these individuals will be exposed over a 10-year period to 

Doxycycline (258), holding promise that Doxycycline might be a breakthrough therapeutic 

drug in curing FFI. 

 

The amyloidophilic compound is effective in prolonging the incubation periods of prion 

infected animals when administered orally. It can pass through the BBB in RML prion strain, 

but not MM1, which is one of the most common CJD types (259, 260). Two 2-aminothiazole 

compounds, IND24 and IND81, were developed via large cell-based screening, extensive 

structure-activity relationship studies, and pharmacokinetic analyses (261). Following IND24 

treatment, mice infected with RML and ME7 prions exhibited prolonged survival period and 

no adverse effects (262), whereas no effects were observed in mice with MM1- and VV2-

type prion strains (263). Anle138b was discovered after screening a library containing two 

million drug-like compounds based on single particle spectroscopy (264). Anle138b shows 

great pro-survival effects in mice, has a long half-life in the brain, and it can be used against 

all prion strains tested, including RML and ME7 from scrapie and 301C from BSE, and 

human prions from sporadic and variant CJD (263, 265). It is the most promising drug for 

treatment of prion diseases at the moment (215). 

 

 

1.2.8 Physiological functions of PrPC 

PrPC is highly conserved in mammals, suggesting its beneficial functions to prevent its 

evolutionary elimination. Despite the role in inducing prion disease, PrPC is also involved in 

diverse biological and pathological processes, including cell proliferation, differentiation and 

cell cycle regulation (266, 267), synaptic function (206, 268), myelin maintenance (269), 
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cellular stress response (270), AD pathogenesis (271, 272), copper homeostasis (68, 112) and 

miRNA regulations. 

 

1.2.8.1 PrPC in cellular differentiation and development 

Increasing evidence suggest that PrPC has a cell type specific role in development, cell 

differentiation, cell proliferation and cell cycle. PrPC is expressed as early as a few days post-

implantation during murine embryonic development (273, 274). Transcriptomic analysis of 

PrPC knockout embryos revealed a list of differentially expressed genes (DEGs), whereas 

there were no significant gene profile changes in the brains of adult PrPC deficient mice (214, 

275). PrPC knockout mice displayed lower proliferation rates of neuronal progenitor cells in 

the embryonic, newborn and adult central nervous system (CNS) (266, 276), while increased 

proliferation of oligodendrocyte precursor cells with a concomitant delay of differentiation of 

oligodendrocytes and astrocytes were observed (266, 267), suggesting the important role of 

PrPC in early development stage.  

 

PrPC was also reported to participate in the development of the cerebellar circuitry. Delayed 

motor development was observed in PrPC deficient mice (277). Additionally, in vitro 

experiments have identified that PrPC could promote lymphoid cell proliferation (278, 279), 

as well as human hematopoietic cell renewal (280). However, conflicting studies using viral 

transformed cell lines reported that PrPC expression is correlated with growth arrest or 

terminal differentiation (281, 282). The role of PrPC in cell cycle regulation was also 

described in PrPC knockout fibroblasts, wherein decreased levels of proteins involved in cell 

cycle regulation, including cyclin D1, Esp8 and CD44 were observed (283). Increased PrPC 

mRNA and protein expression was detected in multiple gastric cancer cells (284), as well as 

during the G1 phase in human glioblastoma cell line (285), indicating its involvement in cell 

cycle regulation and tumourigenesis. 

 

1.2.8.2 PrPC in synaptic function 

PrPC is highly expressed in both neurons and glial cells of the CNS (42), and it is mainly 

localized in the pre- and post-synaptic compartments of nerve terminals and enriched along 

axons (153, 206, 286, 287), suggesting its role in maintaining normal synaptic structures and 

functions by regulating synaptic transmission and plasticity. Synaptic loss and dysfunction 

appeared in the early stage of prion diseases (288, 289), adding evidence to the role of PrPC 
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in synaptic regulation. Aged mice devoid of PrPC have reduced long term potentiation (LTP), 

a form of synaptic plasticity required for learning and memory (290, 291). A positive 

correlation between PrPC and synaptic transmission signal was also discovered (292). 

Additionally, PrPC was also reported to be a mediator of A oligomers induced synaptic 

dysfunction by blocking hippocampal LTP, as adult PrPC knockout mice sustained normal 

LTP in the presence of A oligomers (293, 294). However, there are contradictory reports on 

the role of PrPC in synaptic neurotoxicity induced by Aβ oligomers. Intracerebroventricular 

injection of synthetic A oligomers impaired the consolidation of long term recognition 

memory equally in PrPC expressing and PrPC knockout mice, although PrPC and A binding 

was demonstrated (295-297).  

 

1.2.8.3 PrPC is involved in myelin maintenance 

PrPC may have a protective role in peripheral neuropathies, as a late onset peripheral 

neuropathy has been identified in PrPC deficient Nagasaki mice (208), Zurich-I mice (197, 

298) and other co-isogenic PRNP-/- mice strains (299, 300). PrPC neuronal expression and its 

N-terminal fragment were demonstrated to be essential for myelin maintenance, as ablation 

of PrPC in neurons triggered chronic demyelinating polyneuropathy in mice (299, 300). In 

addition, a PrPC variant lacking 40 residues (94-134) induced a rapid progressive and lethal 

phenotype involving extensive myelin degeneration, which was rescued by the co-expression 

of full length PrPC or PrPC lacking the octapeptide repeat region (269), suggesting the 

essential role of PrPC in maintaining myelin integrity.  

 

1.2.8.4 PrPC is protective against cellular stress? 

Prion protein has been found to be dysregulated in various types of cell stress, such as serum 

deprivation, oxidative stress, and ER stress. Neuronal cells can be protected by PrPC from 

serum deprivation induced apoptosis (301-303). It was also reported that PrPC can protect 

human primary neurons and breast cancer cells from Bax-induced apoptosis (304, 305). PrPC 

downregulation reduced the viability of serum deprived breast cancer cells (306). 

Staurosporine, an adenosine triphosphate competitive kinase inhibitor, can induce 

mitochondria independent apoptotic signalling and affect the same apoptotic pathways 

activated by serum deprivation (307, 308). Primary hippocampal neurons treated with 

Staurosporine were protected from apoptotic signalling by overexpression of PrPC, which 
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possibly interacts with stress-induced phosphoprotein 1 (STI1), leading to activation of the 

pro-survival protein kinase A (PKA) signalling (309-312).  

 

PrPC was also reported to protect cells from oxidative stress. Neuroblastoma and epithelial 

cells overexpressing PrPC exhibited lower levels of reactive oxygen species (ROS) and lipid 

peroxidation compared with control cells (313, 314). High PrPC levels have also been linked 

to lower levels of damage in primary neurons and astrocytes treated with various oxidative 

toxins (205, 270, 315-317). It has been discovered that PrPC can translocate to the nucleus in 

response to oxidative stress and directly activate the base excision repair pathway by 

enhancing the activity of AP endonuclease (65). The protective role of PrPC against oxidative 

stress is also likely through modulating activities of the antioxidant enzymes that convert 

ROS into less toxic species, such as superoxide dismutase and glutathione peroxidase (270, 

313, 318-320). Besides, ROS may induce the β-cleavage of PrPC in the presence of copper, 

and the C2 or N2 products may be responsible for its antioxidant function. Indeed, the PrP N2 

fragment has been shown to lower ROS production in response to serum deprivation in 

neuronal cell lines and neural stem cells (321, 322). However, some studies failed to detect 

the differences in superoxide dismutase activity between PrPC knockout and wildtype mice in 

the spinal cord, spleen and brain (323, 324).  

 

PrPC is also implicated in ER stress, which is caused by accumulation of unfolded/misfolded 

proteins within ER, that triggers the unfolded protein response (325). ER stress inducing 

toxins were shown to induce PrPC expression in breast carcinoma cells, while PrPC 

knockdown led to increased cell death in response to these toxins (63). ER response elements 

have been found in the human PRNP promoter region (63). In response to hydrogen peroxide, 

PrPC was reported to activate the tyrosine protein kinase Fyn and induce the release of 

calcium ions from ER as a protecting mechanism (326). In spite of ER stress induced 

reduction in protein synthesis, PrPC was still highly expressed, implying its involvement in 

unfolded protein response, although some other studies argue against the protective role of 

PrPC in ER stress (305, 315). The stress protective role of PrPC in response to serum 

deprivation, oxidative stress and ER stress have been demonstrated by various studies, 

however, a clear conclusion cannot be reached due to the conflicting reports; complicated 

response environments might underlie the mechanisms of such controversy.  
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1.2.8.5 The role of PrPC in Alzheimer’s disease (AD) 

AD is the most common neurodegenerative disease affecting humans. AD regulating proteins 

such as the amyloid precursor protein (APP), -secretase (BACE1) and tau all play important 

roles in the disease pathogenesis (327). APP goes through - and γ-secretase to form amyloid 

 peptide (A), which is known to be the neurotoxic species when forming oligomers; in 

advanced AD stages, these oligomers are partially shifted to Aβ fibrillary form, known as Aβ 

plaques (294, 328).  

 

PrPC has been shown to regulate APP processing by inhibiting BACE1 activity, leading to 

decreased production of A (329-331). The APP intracellular domain was also reported to 

activate tumour protein p53, which transcriptionally upregulates PrPC expression, resulting in 

decreased BACE1 activity and Aβ generation (332), implying the protective role of PrPC in 

AD. However, Lewis et al showed that PrPC is not regulated by the APP intracellular domain 

(333), and some other studies demonstrated against the protective role of PrPC in AD. 

McHugh et al reported that PrPC can upregulate the promoter activity of BACE1 and increase 

its expression, leading to increased APP processing into Aβ (334). In addition, PrPC ablation 

in mice expressing human wildtype APP exhibited normal APP proteolysis, Aβ levels and 

pathologic phenotypes (335). These conflicting data suggests that the regulations of APP and 

Aβ by prion protein are complicated.  

 

PrPC was also reported to bind to the oligomeric form of Aβ, either through its N-terminal 

region, or between residues 92 and 110 (293, 297, 336-339). Some studies showed that Aβ 

oligomer synaptic toxicity is mediated through its binding to PrPC (293, 340, 341), which was 

possibly under the regulation of hyper-activation of Fyn kinase (342). Increased PrPC C1 

fragments, which lack both putative Aβ binding sites in the cortex, were observed in the 

brains of sporadic AD patients, indicating that α-cleavage of PrPC may represent a protective 

mechanism against Aβ toxicity in AD (271, 272). Soluble N1 fragment generated by PrPC α-

cleavage prevented Aβ fibrillization and reduced the neurotoxicity of Aβ oligomers in vitro 

and in vivo (343). Additionally, exosomal PrPC was also shown to potentially bind toxic Aβ 

oligomers and promote the conversion of toxic oligomers into nontoxic Aβ fibrils, thus 

protecting against Aβ oligomer induced toxicity (344, 345). However, there are conflicting 

studies showing that the neurotoxicity induced by Aβ oligomers is independent of PrPC 

expression (297, 337).  
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Tau is a microtubule-associated protein, and when hyper-phosphorylated, it tends to 

accumulate to form neurofibrillary tangles, which is another major pathological event in AD 

(346). PrPC was reported to downregulate tau transcription by activating Fyn kinase 

signalling, supporting the protective role of PrPC in AD (347). Higher PrPC levels in serum 

were found to be correlated with poorer cognitive function in an elderly human population, 

making PrPC a promising potential marker of cognitive functioning and decline in humans 

(348). The protective role of PrPC in AD has been demonstrated in multiple studies, however, 

there are also conflicting research showing the opposite effect, suggesting that the 

modulations of PrPC in AD pathogenesis are complicated, and specific research environment 

need to be clarified to reveal the mechanisms behind. 

 

1.2.8.6 PrPC in copper homeostasis 

PrPC has been found to play an important role in copper homeostasis. Reduced copper levels 

were detected in cerebellar cells in the brain of PrPC knockout mice compared with wildtype 

controls (112). Under oxidative stimulation, PrPC can specifically stabilize copper 

homeostasis (349). Two distinct binding sites for copper have been found on PrPC structure: 

within the octapeptide repeat region and on the palindromic domain (103-107). The bindings 

can induce the endocytosis of cell surface PrPC in a reversible manner (108, 109, 350-352). In 

addition, PrPC interaction with copper can reduce Cu2+ to Cu+ (110, 111), suggesting the role 

of PrPC in promoting the cellular uptake of copper. PrPC can also activate the PI3K signalling 

through the cellular trafficking of copper (353). NMDA receptors, which mediate a wide 

range of nervous system functions, were also found to be modulated by PrPC in a copper 

dependent manner (354). However, there are conflicting studies showing the effect of copper 

chelation: early work showed that treatment with copper chelator cuprizone induced TSE-like 

spongiform degeneration (355), while another study demonstrated that copper chelation can 

delay the onset of prion disease in mice (356). 

 

The multiple physiological roles of PrPC spanning a wide range of cellular activities certainly 

explain the highly conserved nature of this universally expressed protein, and also imply that 

various factors might be involved in the complicated prion disease pathogenesis. 
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1.2.9 Differential miRNA profiles in prion disease 

Using small RNA sequencing and microarray techniques, miRNA expression profiles have 

been detected in various cell and disease models, such as in prion disease. Upregulated 

miRNA signatures including miR-342-3p, miR-320, miR-146a were firstly detected in prion 

infected mice in 2008 (357), suggesting that prion disease induced neurodegeneration is 

responsible for the miRNA profile changes, and miRNAs may serve as the diagnostic 

biomarker of prion disease. In exosomes isolated from prion strain M1000 infected neuronal 

GT1-7 cells, upregulated levels of let-7b, let-7i, miR-128a, miR-21, miR-29b, miR-342-3p, 

miR-424 and downregulated miR-146a were detected through small RNA sequencing (358). 

Two papers recently showed distinct miRNA signatures detected in the brain of prion strain 

139A, ME7 and S15 infected mice, and the synaptoneurosomes from forebrain of prion 

infected mice, respectively (359, 360). miR-146a was increased among the differentially 

expressed miRNAs in both cases (359, 360), indicating that miR-146a might play a 

functional role in prion disease pathogenesis. 

 

 

 

Table 1.2 Differential miRNA profiles detected in prion disease cell and animal models. 

 

 

1.3 MicroRNA (miRNA) 

1.3.1 Discovery of miRNA 

miRNAs are a class of 18-24 nucleotides long small non-coding RNAs that affect cellular 

gene and protein expression by modulating the stability and translational efficiency of their 

target messenger RNAs (mRNAs) (361). The first miRNA, lin-4, was identified in 

Caenorhabditis elegans (C. elegans) by Ambros and coworkers, as a heterochronic gene that 
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controls developmental timing by inhibiting the lin-14 protein via binding to its 3’ 

untranslated region (3’ UTR) (362-365). In 2000, the second miRNA let-7, was identified by 

Reinhart et al through genetic analysis of the C. elegans heterochronic pathways (366). 

miRNAs have since been discovered in various organisms, and exhibited their critical roles in 

diverse pathological processes and as potential therapeutic targets for treating diseases (367-

369). To date, miRBase – the publicly available miRNA database, contains information on 

nearly 36,000 mature miRNA sequences from 223 species on confirmed and suspected 

miRNAs, including 2,588 in human (hsa-miRNA) and 1,915 in mouse species (mmu-

miRNA) (370, 371).  

 

 

1.3.2 miRNA biogenesis and functions 

The biogenesis of miRNAs starts with RNA polymerase II or III (RNA Pol II/III) dependent 

transcription of miRNA gene in the nucleus, which generates a long primary miRNA (pri-

miRNA) that can be several hundred nucleotides to several kilo bases in length (361, 372). 

(Figure 1.3). Similar to protein coding mRNAs, pri-miRNAs have 5’ methylated caps and 3’ 

polyadenylated (poly A) tails. Pri-miRNAs are then cleaved by the microprocessor complex, 

containing the double strand RNA (dsRNA) binding protein DGCR8 and ribonuclease III 

(Rnase III) dsRNA-specific endonuclease Drosha, into approximately 70 nucleotides hairpin 

structured precursor miRNAs (pre-miRNAs), which are then transported to the cytoplasm by 

exportin 5 (373). In cytoplasm, pre-miRNAs undergo further cleavage by Dicer-TRBP 

complex (TRBP: the human immunodeficiency virus trans-activating response RNA binding 

protein) to form highly unstable miRNA duplex, which is then loaded onto miRNA induced 

silencing complex (miRISC), a ribonucleoprotein complex containing AGO proteins and 

GW182 protein. There are approximately 150,000 AGO proteins available per cell to form 

miRISC (374). The formation of single stranded mature miRNA occurs on miRISC, with 

Dicer, TRBP, and protein activator of the interferon induced protein kinase (PACT), which 

function to stabilize Dicer and help with the selection of single stranded miRNA from 

precursor duplex (375, 376). The passenger strand of the duplex is usually discarded in this 

process and goes through rapid degradation, whereas the guide strand steers the complex to 

recruit target mRNA transcripts (377). However, in some cases the passenger strand could 

also form an active miRISC (378, 379). miRNA-5p and -3p are now used to indicate whether 

the miRNA guide strand is derived from the 5’- or 3’-end of the pre-miRNA transcript.  
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The nucleotides 2-8 from the 5’ end of miRNA is called the seed sequence, which can bind to 

the 3’ UTR of mRNA through Watson-Crick base pairing, and induce translational repression 

and/or mRNA degradation of target mRNA (361). The seed sequence of a miRNA has been 

identified as the primary determinant for target recognition and is used for in silico 

predictions of miRNA targets with bioinformatics algorithms (380), such as in databases 

TargetScan (381) and www.microRNA.org (382); miRTarBase is another database providing 

information on the experimentally validated miRNA-target interactions (383). The miRNA-

mRNA interaction can be impacted by several factors that regulate the binding strength and 

repressive effect of a potential target site (380). The GC content of the seed sequence, the 

number and position of target sites, the accessibility of the sites, the sequences flanking 

miRNA target sites, and mRNA secondary structure can all influence the consequence of 

miRNA-mRNA interaction (384-386). The first identified miRNA lin-4 showed repression of 

translation on target lin-14 without altering its mRNA level in C. elegans (387), and 

numerous studies support that miRNAs mainly repress target genes by translation inhibition 

(388-390); however, there have been some controversial studies suggesting that in higher 

organisms mRNA deadenylation accounts for most changes in gene expression induced by 

miRNAs, accompanied with protein level changes (391-394). Nevertheless, most miRNA 

targets are mildly decreased in vivo, suggesting that miRNAs act as fine tuners of target 

expressions (395).  

 

miRNAs can also bind to the coding domain sequence (CDS) of target mRNAs and inhibit 

their translation (396). Studies have shown that let-7 can directly target Dicer – the miRNA 

processing enzyme, within its coding sequence (397); miR-148 was reported to target human 

DNMT3b protein coding region and modulate DNA methylation (398); miR-24 can regulate 

FAF1 through the open reading frame (ORF) region and affect apoptosis process in cancer 

cells (399); miR-375 acts as a tumor suppressor in regulating MYC expression via targeting 

the CDS of CIP2A (400). The miRNA targeting sites in the CDS are as widespread as in 3’ 

UTRs (401, 402), suggesting that the miRNA binding sites scanning should be expanded to 

the whole gene coding region to provide unbiased prediction of miRNA functions. 

Additionally, miRNA has also been found to induce mRNA expression, through interacting 

with its 3’ UTR region or gene promoter region (403, 404). 
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Figure 1.3 Schematic description of miRNA biogenesis and functions. miRNA gene is transcribed 

mostly by RNA polymerase II (in some cases RNA polymerase III) to form primary miRNA (pri-

miRNA) transcript, which can be a few hundred to thousand bases in length. Pri-miRNA undergoes 

cleavage by the Drosha complex to form hairpin structured precursor miRNA (pre-miRNA), which is 

exported to cytoplasm by exportin 5. Pre-miRNA is cleaved by Dicer complex and forms miRNA 

duplex, which is then loaded onto miRNA induced silencing complex (miRISC), wherein the 

unwinding the miRNA duplex occurs. The passenger strand usually goes through rapid degradation, 

while the guide strand (mature miRNA) guides the miRISC to target mRNA transcripts, and induces 

translation repression or mRNA degradation. In some cases, such as in cell cycle arrested cells, 

certain miRNAs can transport to the nucleus and bind to miRISC containing AGO and FXR1 protein, 

and induce the target mRNA translation activation. 

 

 

 

In addition to the repressing effect on mRNA target, miRNA has also been found to induce 

mRNA expression, through interacting with its 3’ UTR or gene promoter region (403, 404). 

For example, miR-34 was reported to upregulate β-actin encoding gene Actb expression 

through binding to its 3’ UTR in neuronal cells, possibly due to the heterogeneity of β-actin 

gene transcripts (405). miR-373 can activate the expression of E-cadherin and cold shock 

domain-containing protein C2 (CSDC2) by binding to specific sequences in their promoter 

regions, where the enrichment of RNA polymerase II is detected (403). Additionally, liver 

specific miR-122 was reported to enhance hepatitis C virus (HCV) RNA level through 

interacting with two tandem binding sites in the 5’ noncoding region of HCV (406) and 
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accelerating the binding of HCV to ribosomes, which leads to the translation activation of 

HCV (407). miRNA-10a interacts with the 5’ untranslated region (5’ UTR) of mRNAs 

encoding ribosomal proteins to enhance their translation, and it could also alleviate the 

translational repression of this mRNA during amino acid starvation, implying that miR-10a 

may play an important role in controlling global protein synthesis via regulation of ribosomal 

protein generation (408). miR-346 is produced from the second intron of glutamate receptor 

ionotropic delta 1 (GRID1) and is capable of upregulating receptor-interacting protein 140 

(RIP140) via binding to its 5’ UTR and accelerating its interaction with polysome fraction, in 

an AGO2 protein independent way (409).  

 

miRNA can also activate mRNA expression in cell cycle arrest status. Vasudevan et al 

reported that miR-369-3p can activate translation of TNF-α in serum starvation induced cell 

cycle arrest, by recruiting miRNA ribonucleoproteins, including fragile X mental retardation 

related protein 1 (FXR1) and AGO2, which act as translation activators (410). In quiescent-

like Xenopus laevis oocytes, miR-16 can upregulate Myt1 kinase, which is involved in 

maintenance of oocyte immature state (411). Additionally, miR-206 was also discovered to 

activate or repress the expression of KLF4 depending on the cell context (412). Truesdell et 

al showed later that in quiescent mammalian cells and immature oocytes, miRNA can 

activate translation of specific mRNAs through associating with AGO2 and FXR1 in the cell 

nucleus (413).  

 

The release of repression on target mRNA in response to cell stress and synaptic stimulation 

is another common mechanism of miRNA functioning (414, 415). Some long non-coding 

RNAs (lncRNAs) were reported to decoy away miRNAs from their target mRNAs and lead 

to target mRNA de-repression (416), by binding to the seed region of miRNAs and 

preventing micro-nucleoproteins binding to their target mRNAs, or via competing with 

miRNAs for binding to the specific mRNAs (416, 417). BACE-AS is located in the antisense 

strand of BACE1 and competes with miR-485-5p for binding to the exon 6 of BACE1 

mRNA, thus increasing BACE1 mRNA stability and the protein yield of BACE1 (416). 

Some miRNA genes are under the control of their own targets. For example, in Drosophila, 

the transcription of miR-7 is under the modulation of transcription factor Yan, which is also 

repressed by miR-7 (418).  

 



28 
 

The miRNA-mRNA regulations are complicated and can exhibit cell status or tissue specific 

features. In addition, posttranscriptional gene regulation is not only affected by miRNAs, but 

also modulated by a lot of other factors, such as the cellular environments, mRNA context, 

posttranscriptional regulators (419), thus either the fine-tune effect or big expression changes 

caused by miRNA should be elucidated in combination with the regulation contexts. 

 

 

1.3.3 miRNA abundance regulation 

Similar to mRNA, miRNA expression levels are different during the developmental stages 

and are often tissue specific, which are critical for miRNA activities and functions (420-423). 

A large number of miRNAs are transcribed but not processed to mature miRNAs, due to the 

inefficient conversion of pri-miRNAs into mature miRNAs (424, 425). It was found that in 

embryonic stem cells, the lin-28 RNA binding protein inhibits the biogenesis of let-7 family 

of miRNAs by binding to the loop regions of their pre-miRNAs (426-430). Similarly, in 

many types of human cancers, reduced or impaired processing contributes to global 

downregulation of miRNAs (424, 431, 432), which could further promote cellular 

transformation and tumorigenesis (433). Nuclear sequestration of pre-miR-31 prevents its 

processing by Dicer in human cancer cell lines (425), whereas pre-miR-138 is ubiquitously 

expressed throughout all tissues while mature miR-138 is only detected in certain cell types, 

suggesting that the cleavage of pre-miR-138 is restricted to certain tissues and cells (434). 

 

Cell density is also associated with miRNA abundance. Studies discovered that miRNA 

biogenesis can be broadly activated when cells grow to a higher density, leading to 

upregulation of global miRNAs and inhibition on their targets (435). In addition, miRNAs are 

generally expressed at higher levels in tissues compared with cell lines, due to the extensive 

cell-cell contact in tissues (431, 432), and the enhanced processing of miRNAs by Drosha 

and miRISC complexes in tissues (435).  

 

 

1.3.4 Genome locus of miRNA 

miRNA coding genes are distributed ubiquitously but non-randomly in human genome; they 

are located intergenically or intragenically according to data from genome assemblies (436). 

Intergenic miRNAs are located between genes and independently transcribed, thus are more 
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evolutionary conserved (437, 438). About 50% of miRNAs are found to be intragenic 

miRNAs, which are embedded within the exon or introns of protein-coding genes, and mostly 

co-expressed in the same orientation and share the same promoters as their host genes (439-

441). Besides, nearly half of the miRNAs genes are found in tandem within clusters and share 

the same promoters (361, 442), underpinning the similar regulatory features of these 

miRNAs.  

 

 

1.3.5 Differential miRNA expression levels in AD and prion disease 

Since the discovery of miRNA, this class of small non-coding genes have been reported to 

participate in numerous physiological processes, such as cell cycle regulation, cell 

proliferation and differentiation, apoptosis, as well as in various pathological disorders, such 

as cancers and neurodegenerative diseases (69, 443). Differential miRNA profiles have been 

detected using microarrays and small RNA sequencing platforms, as well as quantitative 

polymerase chain reaction (qPCR). These miRNAs offer to be potential biomarkers and 

therapeutic targets for early diagnosis, prognosis and treatment of diseases. Serum levels of 

miR-141 varies between patients with prostate cancer from healthy controls, and serve as 

important biomarker for blood based detection of human cancer (444). Plasma miR-29a and 

miR-92a are also found to be promising non-invasive biomarkers for early detection of 

colorectal carcinoma (445). Cardiac-specific plasma miR-208a is a potential candidate for the 

early detection of myocardial injury in humans (446). 

 

Distinct miRNA signatures have also been discovered in neurodegenerative diseases, such as 

AD and prion disease. Altered expression levels of miRNAs including miR-200c, miR-212, 

miR-26a, miR-30c, miR-29a/b were detected in AD hippocampus and medial frontal gyrus, 

which are suggested to be involved in neurogenesis (447). The miRNA profile changes in 

cerebrospinal fluid (CSF) of AD serve as putative biomarkers and offer insight into disease 

pathways (447). miR-29a and miR-29b were found to be decreased in the cerebral cortical 

grey matter of AD patients (448), however their levels were increased in the CSF of AD 

patients (449). It was later reported that loss of miR-29a/b-1 cluster in sporadic AD was 

correlated with increased BACE1 expression (450). miR-29b and its target transcription 

factor SP1 are also dysregulated in AD patients, possibly leading to aberrant expression of 

genes involved in AD pathogenesis (451), suggesting that miR-29b plays functional roles via 
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multiple targets in AD progression. Besides, the majority of miRNAs detected in serum and 

blood are concentrated in exosomes – small microvesicles secreted by almost all cell types; 

exosomes offer to be a protective and enriched source of miRNAs for biomarker profiling 

(452, 453). An AD specific 16 exosome miRNAs, combined with other risk factors such as 

age, sex and apolipoprotein ℇ 4 allele status, demonstrated a sensitivity and specificity of 

87% and 77% for predicting AD, respectively (70), suggesting the promising role of miRNAs 

in the clinical diagnosis of diseases. 

 

In prion diseases, miRNA profile changes have been associated with prion induced 

neurodegeneration. In the brain of mouse-adapted human prion strain infected mice, 15 

miRNAs, including miR-342-3p, miR-320 and miR-146a, were dysregulated during prion 

disease progression (357). Upregulation of miR-342-3p was also detected in the brain of 

BSE-infected macaques, an animal model of CJD, compared with non-infected animals 

(454). The inflammatory regulator miRNA, miR-146a, was found to be increased in sCJD 

and GSS patients (455), and its increase was concurrent with the onset of prion deposition 

and appearance of activated microglia (456). In addition, a distinct miRNA signature released 

in exosomes was detected in prion-infected neuronal cells, with upregulated let-7b, miR-29b, 

miR-342-3p and downregulated miR-146a (358). Boese et al identified the elevation of miR-

124-3p, miR-136-5p and miR-376-3p in the synaptoneurosomes in preclinical prion disease, 

whereas previously identified miRNAs such as miR-146a, was detected to increase in later 

stages of prion disease (360). These studies suggest that dysregulated miR-146a and miR-

342-3p might be a general phenomenon in late stage prion disease, and they might be 

involved in regulating prion disease pathogenesis. 

 

 

1.4 miR-29b 

1.4.1 miR-29 family 

miR-29b was first identified in human neuronal cells by Dostie et al in 2003 (457); it belongs 

to the miR-29 family, which is consisted of miR-29a, miR-29b-1, miR-29b-2 and miR-29c in 

human species. miR-29b-1 and miR-29b-2 are transcribed from different genome loci but 

have identical mature sequences, thus they are both termed miR-29b (457-460). miR-29a and 

miR-29b-1 are located at chromosome 7q32, separated by 652 bases, and have the same pri-

miRNA transcripts, whereas miR-29b-2 and miR-29c are separated by 507 bases at 
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chromosome 1q32, and are transcribed into the same primary miRNAs (461-463). They are 

also called miR-29a/b-1 cluster and miR-29b-2/c cluster, respectively, due to their close 

localizations and that they share the same promoters (461-463). For the miR-29 precursor 

miRNA, nucleotide 11-32 forms miR-29b-5p, also called miR-29b*; nucleotides 52-74 forms 

mature miR-29b-3p, commonly termed miR-29b.  

 

miR-29b is highly conserved and ubiquitously expressed among mammalian species  (464, 

465). During development, the endogenous expression of miR-29b is at relatively low levels 

during the embryonic stage, and is highly expressed in mature tissues such as the liver, 

kidney, lung, heart, and brain (466, 467). The subcellular localization varies among the 

family members, with miR-29a mainly localized in cytoplasmic, and miR-29b and miR-29c 

in the nucleus (468-471). In addition, miR-29b expression is cell cycle phase specific; it is 

highly expressed during cell mitosis and undergoes rapid decay in other cell cycle stages 

(470). 

 

 

1.4.2 Transcriptional regulation of miR-29b 

miR-29b is transcriptionally regulated by multiple transcription factors and signalling 

pathways. Through in silico analysis, a list of transcription factor binding sites have been 

identified in the promoter region of miR-29b coding genes, including those for CEBPA 

(CCAAT/enhancer binding protein α), GLI (zinc finger gene), NF-kB (nuclear factor kappa 

B), Smad2 (mothers against decapentaplegic homolog 2), TCF/LEF (T-cell factor/lymphoid 

enhancer factor) and STAT1 (signal transducer and activator of transcription 1) (463, 469, 

472-475). Transcription factor c-Myc was verified to bind to the promoters of miR-29b-

1/miR-29a and miR-29b-2/miR-29c genes through conservative binding sites which inhibit 

the miRNA transcription (469). NF-kB signalling can inhibit miR-29b-1/miR-29a promoter 

activity via Toll-like receptors (TLRs) or through activating transcription suppressor Yin 

Yang 1 (YY1) in rhabdomyosarcoma cells (473, 476). CEBPA, a key transcriptional factor 

involved in maintaining granulopoiesis and goes through disruption in acute myeloid 

leukaemia (AML), was found to regulate miR-29a/b-1 expression through binding to its gene 

promoter (463). In addition, miR-29b dysregulation induced by transforming growth factor- 

(TGF-)-Smad signalling was also reported in many fibrosis associated pathologies (477, 

478). In response to DNA damage, miR-29b can be transcriptionally activated in a p53-
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dependent manner (479). Besides, a de novo translocation t(6;7)(p25.3;q32.3) was associated 

with upregulated miR-29b in anaplastic large cell lymphomas (ALCLs) lacking anaplastic 

lymphoma kinase (480). JunD, an activating protein-1 (AP-1) transcription factor, was found 

to interact with miR-29b-1 gene promoter via specific AP-1 binding sites (481), and activate 

its expression transcriptionally and posttranscriptionally in intestinal epithelial cells (482); 

JunD can also promote the formation of Drosha complex and increase miR-29b biogenesis 

(483).  

 

 

1.4.3 miR-29b functions 

Based on miRNA targets prediction algorithms, there are approximately 1,000 highly 

conserved targets for members of the miR-29 family, suggesting the widespread functions of 

this miRNA family spanning various biological and pathological processes (484-486). miR-

29b has been demonstrated to be a tumor suppressor gene (487), and it plays an important 

role in fibrotic diseases (466, 488). It is also involved in cell cycle regulation (489), cell 

differentiation (490), cell proliferation (487), cell senescence (479), and apoptosis (491). 

miR-29 family members also play roles in immune regulation (492), epigenetic modulation 

(493) and neurodegeneration (Figure 1.4). 

 

Figure 1.4 miR-29b functions in various biological and pathological processes. 
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1.4.3.1 miR-29 in cell cycle regulation 

CDK6, an important cell cycle dependent kinase responsible for retinoblastoma (Rb) protein 

phosphorylation (494), has been found to be a direct target of miR-29b in acute myeloid 

leukemia (AML) (462); miR-29b modulates Rb phosphorylation at least partially through 

targeting CDK6 (462). miR-29b was also among the list of miRNAs that were downregulated 

in mantel cell lymphoma (MCL) patients compared with healthy controls; the causative event 

of the disease is associated with overexpression of cyclin D1 in MCL cell models via 

activation of CDK6 by miR-29b (495). Additionally, dysregulated miR-29b can restrain the 

cell cycle progression and induced apoptosis via targeting YY1 and CDK6 in cervical 

carcinogenesis (489). These studies demonstrated the role of miR-29b in cell cycle regulation 

via targeting CDK6 and YY1. 

 

1.4.3.2 miR-29b in cell differentiation 

miR-29 family members contribute to early differentiation of mouse embryonic stem cells 

(ESCs) by directly regulating the ten-eleven translocation-1 (Tet1), which is an important 

modulator in ESCs maintenance (496). The NF-kB-YY1-miR-29 regulatory circuit was 

found to play a role on normal myogenic differentiation, and dysregulation of this pathway 

resulted in impaired myogenic differentiation and rhabdomyosarcoma (RMS) (476). In 

addition, miR-29b can support osteoblast differentiation either by inhibiting the accumulation 

of extracellular matrix proteins COL1A1, COL5A3, and COL4A2, or by directly 

downregulating inhibitors of osteoblast differentiation, such as HDAC4, TGF3, ACVR2A, 

CTNNBIP1 and DUSP2 (490). In myogenic cells and primary muscle cells, miR-29 family 

members were downregulated by TGF- signalling, leading to increased expression of 

histone deacetylase 4 (HDAC4), a key inhibitor of muscle differentiation (497). 

 

Cell senescence is a status of irreversible cell growth arrest and a protective mechanism 

against tumorigenesis. miR-29 family expression is markedly upregulated in normal aging 

mice and in response to DNA damage, involving a potential miR-29-Ppm1d phosphatase-p53 

regulatory feedback loop (479). Additionally, miR-29 family is upregulated during induced 

and replicative senescence in an Rb activation-dependent manner, and they can directly 

repress the oncogene B-Myb expression and inhibit cellular DNA synthesis (498).  
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1.4.3.3 miR-29b in apoptosis 

miR-29b was shown to regulate the expression of MCL-1, the anti-apoptotic BCL-2 family 

member, in malignant cholangiocarcinoma cells, and modulate cellular apoptosis (462, 491, 

499). In hepatocellular carcinoma, miR-29b can sensitize the cells to apoptosis triggered by 

serum starvation and hypoxia or chemotherapeutic drugs, or through a mitochondrial pathway 

wherein it directly targets MCL-1 and BCL-2, two anti-apoptotic molecules (491). 

Expression of miR-29 family members was inversely correlated with that of TCL1, a 

coactivator of the Akt oncoprotein and a critical molecule in transduction of anti-apoptotic 

signals in B and T cells, in B-cell chronic lymphocytic leukemia samples, and the 

dysregulation of TCL1 is, at least in part, regulated by the miR-29 family (500, 501). In 

addition, miR-29 family was shown to be a positive regulator of tumor suppressor p53 and 

can induce apoptosis by targeting p85a and cell division cycle 42 (CDC42), the two inhibitors 

of p53 (502). Silencing of miR-29 family induces apoptosis in osteosarcoma cells via TGF-β 

and PUMA signalling (503). miR-29b can also promote chondrocyte apoptosis and regulate 

the osteoarthritis (OA) progression by targeting PGRN, implying a potential therapeutic 

treatment for OA (504). 

 

1.4.3.4 miR-29b in fibrotic disease 

miR-29 family members are critical regulators of extracellular matrix (ECM) proteins and 

signalling pathways associated with fibrosis in organs (466, 478, 490, 505), including cardiac 

fibrosis in heart (466), hepatic fibrosis in liver (478), osteogenesis in bone (490), pulmonary 

fibrosis in lung (505), and glaucoma in eyes (506). The dysregulation of miR-29 family 

induced by the acute myocardial infarction (MI) eliminated its inhibition on proteins involved 

in cardiac fibrosis, such as collagens, fibrillins and elastin (466). miR-29 family members 

were detected to be significantly downregulated in patients with advanced liver fibrosis, 

which is correlated to the decreased miR-29b in murine hepatic stellate cells (478). TGF- 

and inflammatory signals mediated the downregulation of miR-29b, leading to upregulation 

of ECM genes (478). miR-29b was also found to be downregulated in abdominal aortic 

aneurysm (AAA) cases in both aortic tissue and circulating blood in multiple studies (507-

509). miR-29b can support osteoblast differentiation through increasing the accumulation of 

collagen proteins COL1A1, COL5A3 and COL4A2 during the mineralization stage, therefore 

preventing the fibrosis and facilitating mineral deposition; it can also downregulate the 

inhibitors of osteoblast differentiation, such as HDAC4, TGF3, ACVR2A, CTNNBIP1 and 
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DUSP2 proteins (490). In fibrotic lungs, miR-29b levels inversely correlated with the 

expression of pro-fibrotic genes and the severity of the fibrosis (505). Additionally, in 

response to oxidative damage, miR-29b can negatively regulate the expression of multiple 

genes involved in synthesis and accumulation of ECM, including collagens, LAMC1, FBN 

and newly confirmed targets of miR-29b, BMP1, ADAM12 and NKIRAS2, in trabecular 

meshwork cells (506). The direct targeting effect of miR-29b on collagens COL1A1, 

COL3A1, COL5A1 and elastin was later shown to regulate collagen deposition and fibrosis 

progression (510). In TGF- induced ECM synthesis, miR-29b was downregulated and this 

activated the Smad3 and Wnt/-catenin pathways in orbital fibroblasts; this also promoted the 

transformation of mouse myoblasts into myofibroblasts (511, 512).  

 

1.4.3.5 miR-29b in immune regulation 

miRNAs play important roles in innate and adaptive immune systems. miR-29 family has 

been identified to modulate helper T cell differentiation by repressing T-box transcription 

factors and interferon gamma (IFN-) production (492), potentially leading to dysfunction of 

immune system and interference with multiple pathologies such as cancer. miR-29 depleted 

mice demonstrated more potent innate and adaptive immune responses to bacterial infections 

and exhibited increased production of IFN- and IFN- secreting cells compared with 

wildtype mice (513). Besides, in tumor tissues, miR-29 can directly target B7-H3, a surface 

immunoinhibitory glycoprotein and a strong suppressor of natural killer (NK) cells and T 

cells, suggesting the potential mechanism of immune escape in solid tumors (514). 

Overexpression of miR-29b was detected in CD8+ T cells from renal cell carcinoma patients, 

and this induced downregulation of JAK3 and MCL-1, resulting in immune dysfunction 

(515). Inflammatory cytokines, IL-6 and IL-8, can induce the expression of MCL-1, which is 

under the direct regulation of miR-29b, and the miR-29b-IL-6/IL-8-MCL-1 axis may exert 

anti-fibrotic effect in Crohn’s disease (516). Besides, in acute myeloid leukemia (AML), the 

leukemic evasion of natural killer (NK) cell survival is modulated by miR-29b mediated 

dysregulation of lymphocyte development through its targets T-bet and EOMES, two 

transcription factors that are critical for NK cell differentiation (517). 

 

1.4.3.6 miR-29b in cancer 

The abnormal miR-29b expression is a common phenomenon during tumorigenesis and 

cancer progression, and it modulates the tumor microenvironments to slow down metastasis 
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(518). In hepatocellular carcinoma (HCC) tissues, miR-29 was found to be significantly 

downregulated, which was correlated with the poor survival rate of HCC patients (491). In 

non-small cell lung cancer patients, c-Myc mediated downregulation of miR-29b might be 

responsible for the tumor invasiveness and the poor survival rate compared with healthy 

controls (519). miR-29b is expressed at a markedly low level in chronic myeloid leukemia 

(CML) patients; enforced expression of miR-29b in K562 cancer cells can inhibit cell growth 

and induce apoptosis, possibly through regulating ABL1 protein (520), implying its tumor 

suppressor role. However, the dual roles of miR-29b in tumor progression and metastasis 

have been reported. In human primary osteosarcoma patients, high expression level of miR-

29b in serum is correlated with decreased overall survival (521), suggesting the oncogene 

feature of miR-29b in some circumstances.  

 

1.4.3.7 miR-29b in epigenetic modulation 

miRNAs have also been found to be involved in the regulation of DNA methylation, which 

can influence tumor occurrence or anti-tumor activity by affecting specific gene expression 

and genome stability (522). Expression of miR-29 family members was downregulated in 

lung cancer cells compared with normal lung cells, and this decrease activated expressions of 

their targets DNA methyltransferase 3a (DNMT3a) and 3b (DNMT3b), two key enzymes 

involved in DNA methylation (523). Enforced expression of miR-29 restored the normal 

DNA methylation patterns (523). In mouse primordial germ cells, miR-29b was found to 

increase specifically in female mice between E13.5 and E17.5 and negatively regulate 

DNMT3a and DNMT3b, suggesting its important role in female gonadal development and in 

modulating genomic DNA methylation (524). Male germline exposed to paternal radiation 

showed increased levels of miR-29a and miR-29b, which also repressed DNMT3a expression 

through direct targeting, resulting in deleterious effect in the somatic thymus tissue from the 

progeny of exposed animals (493), suggesting that miRNA induced hypomethylation can 

significantly influence genome stability. Additionally, miR-29 has been reported to restore 

the level of long-noncoding RNA (lncRNA) - MEG3, which was repressed by 

hypermethylation in hepatocellular cancer, leading to cell growth inhibition and apoptosis 

(525). miR-29b is also suggested to be involved in other pathologies, such as development 

and cancer, through regulating epigenetic modification. 
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1.4.3.8 miR-29b in AD and prion disease 

In accordance with its high expression in the brain, miR-29b has been implicated in 

neurodegenerative disorders including AD and prion disease, wherein distinct expression 

levels of miR-29b were detected (358, 450, 526, 527). Downregulated levels of miR-29a and 

miR-29b in the brain cortex of sporadic AD patients are related to increased levels of 

BACE1, which is also targeted by miR-29a/b; similar correlations were observed in brain 

development of mice and primary neuronal cultures (450), as well as in cases of 

spinocerebellar ataxia 17 (528). APP was predicted to have binding sites for miR-29b in its 

mRNA 3’ UTR region in human species (529), implying the potential functional role of miR-

29b in AD progression. Another study showed the negative correlation between decreased 

miR-29b and increased transcription factor SP1, which was proved to be a direct target of 

miR-29b, in AD patients (451), suggesting that miR-29b-SP1 regulatory pathway might play 

a role in the AD pathogenesis. miR-29b was also reported to regulate human secreted 

glycoprotein - progranulin, which is involved in frontotemporal dementia (530). miR-29b is 

also among a list of miRNAs that were upregulated in exosomes released from prion strain 

M1000 infected neuronal GT1-7 cells (358), implying its role as a diagnostic biomarker of 

prion disease. Brain specific knockdown of miR-29 family in mice resulted in neuronal cell 

death and ataxia phenotype (527), indicating the its essential role in normal central nervous 

system maintenance.  

 

1.4.3.9 miR-29b-SP1 pathway 

The transcription factor SP1 has been found to bind to the promoter region of miR-29b gene, 

and subsequently modulate miR-29b expression (67). Four putative miR-29b binding sites 

have been detected in the 3’ UTR of SP1 in human species and three binding sites in mouse 

species (529); SP1 has been demonstrated to be miR-29b target in multiple 

microenvironments (451, 531, 532). The miR-29b-SP1 regulatory pathway is broadly 

involved in tumorigenesis, fibrosis, cell apoptosis, AD, and potentially prion disease (451, 

531-533). Downregulated miR-29b in tumors has been associated with upregulated SP1 

activity. In acute myeloid leukemia (AML) cells, c-Myc dependent repression of miR-29b led 

to increased SP1 expression, and the SP1-NF-kB-HDAC-miR-29b regulation feedback loop 

functions to regulate AML cell growth (532). In tongue squamous cell carcinoma, miR-29b 

level was significantly downregulated and inversely correlated with expressions of SP1; 

overexpression of miR-29b led to SP1 inhibition and PTEN upregulation, and inhibited cell 
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proliferation (534). In human Tenon’s fibroblast cells, miR-29b acts as a suppressor of 

COL1A1 by repressing the PI3K/Akt/SP1 pathway to prevent collagen production and 

fibrosis (533). miR-29b was also shown to activate SP1 in bortezomib-induced apoptosis in 

multiple myeloma cells (531). In AD patients, downregulated miR-29b and increased SP1 

were observed in peripheral blood mononuclear cells compared with healthy controls (451), 

suggesting their potential roles in AD pathogenesis changes. These studies implicate that 

miR-29b-SP1 regulatory pathway is broadly involved in tumorigenesis, fibrosis, cell 

apoptosis and AD pathogenesis (Figure 1.4). 

 

 

1.5 miR-146a 

1.5.1 miR-146 family 

miR-146 was first discovered as one of the 34 miRNAs identified by tissue-specific cloning 

of approximately 21 nucleotides long RNAs from mouse in 2002 (459). It was later identified 

in human B cell lymphoma cell line, through classifying the cDNA library sequences of the 

size-selected small RNAs based on analysis from GenBank database (National Institutes of 

Health) and miRNA registry (Sanger) (535). In 2006 Taganov et al provided the first 

characterization of the genomic locations and regulations of the human miR-146 family 

members, miR-146a and miR-146b, which are different by just two nucleotides in sequences 

at the 3’ end (536). 

 

In humans, miR-146a coding gene hsa-mir-146a is found within a large long noncoding RNA 

host gene, MIR3142HG located on chromosome 5q33.3, while miR-146b coding gene hsa-

mir-146b is within an intergenic region of human chromosome 10 (10q24.32) (537). In 

mouse species, mmu-mir-146a is located in an intergenic region of chromosome 11 and 

mmu-mir-146b is within the first intron of the protein coding gene termed major facilitator 

superfamily domain containing 13a (MFSD13A) on chromosome 19 (537). The precursor 

miRNA sequences for these two miRNAs are nearly identical on the 5’ end and largely 

different on the 3’ end. Sequencing data from miRBase database shows that for miR-146 

family, the mature -5p strand is the functional guide strand and the mature -3p strand is the 

passenger strand. miR-146a and miR-146b are predicted to target the same set of genes due to 

the identical seed region, however, a few characteristics lead to their different regulations in 

many cases: they are not transcribed in tandem; they are not transcriptionally regulated by the 
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same factors and cofactors; their temporal expression and tissue specific expression profiles 

are not the same (381).  

 

1.5.2 Transcriptional regulation of miR-146a 

miR-146a is highly expressed in tissues relevant to immune and inflammatory responses, 

such as trachea, lung, thymus, colon, kidney, prostate, skin and brain (537). Immune response 

regulator NF-kB was first identified to transcriptionally regulate miR-146a by binding to its 

gene promoter region (536). Putative binding sites for transcription factors interferon 

regulatory factor 3/7 (IRF3/7) and CCAAT-enhancer-binding-protein- (C/EBP) were also 

identified upstream of the first exon of miR-146a gene sequences in the same study (536). 

Chang et al confirmed the human miR-146a gene transcription start site (TSS) and identified 

a binding site for c-Myc (469). These transcription factors could regulate the expression of 

mature miR-146a by directly binding to its gene promoter region and affect the physiological 

functions of miR-146a.  

 

 

Figure 1.5 Schematic diagram illustrating the potential regulatory network of miR-29b and 

miR-146a. miR-29b can be transcriptionally regulated by NF-kB and c-Myc, and can potentially 

regulate AD associated proteins including APOE and PSEN1 and BACE1, prion protein PrP, as well 

as miR-34c expression, via targeting SP1. miR-146a forms a negative regulation feedback loop with 

NF-kB, through targeting IRAK1 and TRAF6, and plays an important role in inflammatory pathway. 

miR-146a is also predicted to target prion protein encoding gene PRNP. 
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1.5.3 miR-146a functions  

Based on Ingenuity Pathway Analysis (IPA) analysis, the top associated networks predicted 

to be influenced by miR-146a are cellular proliferation, immune and lymphatic system 

development and function. miR-146a was identified as an NF-kB dependent gene, through 

which miR-146a acts as a critical regulator of the innate immune response and inflammatory 

signalling pathways, by targeting interleukin 1 receptor associated kinase 1 (IRAK1) and 

tumor necrosis factor receptor associated factor 6 (TRAF6) (536), in the context of various 

pathologies, such as immune diseases, oncogenic dysregulation, neurodegeneration, 

cardiovascular and renal diseases. Dysregulation of miR-146a in tumors revealed its role as a 

tumor suppressor (538). A G/C polymorphism in miR-146a gene sequences has been 

associated with the disease onset time in cancer and cardiac pathology (539); miR-146a has 

also been reported in neurodegeneration, such as AD and prion disease (456).  

 

1.5.3.1 miR-146a in immune response 

Abnormal miR-146a expression levels were detected in peripheral blood mononuclear cells 

(PBMCs), as well as in plasma microvesicles, and it was predicted to be involved in cellular 

proliferation, immune system function and lymphatic development based on IPA analysis 

(540). Distinct expression of miR-146a in regulatory T cells (Tregs) was identified compared 

with naive T cells (541). Taganov et al first reported the role of miR-146a in Toll-like 

receptor (TLR) and cytokine signalling pathways involving an NF-kB dependent negative 

feedback loop, by directly targeting IRAK1 and TRAF6 (536) (Figure 1.6). miR-146a was 

found to negatively regulate NF-kB activity and its downstream interleukin 8 (IL-8), 

interleukin 6 (IL-6), and matrix metalloproteinase 9 (MMP9) levels, and impair the invasion 

and migration capacity of human breast cancer cells (542); it can also modulate senescence 

associated inflammatory via repressing IL-6 and IL-8 in primary human fibroblast cells 

(543). miR-146a can be stimulated by multiple microbial components and pro-inflammatory 

cytokines such as interleukin 1 (IL-1), tumour necrosis factor alpha (TNF-α) and TLRs. In 

mouse macrophages, vesicular stomatitis virus infection can induce miR-146a upregulation, 

which in turn suppresses type I IFN production via targeting TRAF6, IRAK1 and IRAK2 

(544). In human retinal pigment epithelia cells, miR-146a expression can be induced by 

various pro-inflammatory cytokines, including IFN-γ, TNF-α and IL-1β (545), indicating the 

role of miR-146a in inflammatory processes in age-related retinal degeneration. Increasing 

the expression level of miR-146a significantly inhibited lipopolysaccharide (LPS) induced 
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IFN- and inducible nitric oxide synthase (iNOS) expression in mouse splenic lymphocytes 

(546). In THP-1 monocytes treated with LPS, highly upregulated miR-146a acts to control 

pro-inflammatory cytokines production, thus preventing an overstimulated inflammatory 

state (547, 548). LMP1, the Epstein Barr virus (EBV) encoded latent membrane protein 1, 

induces expression of miR-146a through two NF-kB binding sites in the miR-146a gene 

promoter (549). In the EBV producer line - Akata cells, overexpression of miR-146a led to 

expression changes of a group of interferon responsive genes (549, 550). In human lung 

alveolar epithelial cells, miR-146a exhibited a rapid time and concentration dependent 

increase upon stimulation with IL-1, and could negatively regulate IL-1 induced pro-

inflammatory chemokines IL-8 and RANTES (regulated on activation, normal T-cell 

expressed and secreted) (551), suggesting its roles in regulating acute inflammatory response. 

These studies indicate the important role of miR-146a in maintaining proper inflammation 

status in various pathologies.  

 

 

Figure 1.6 miR-146a-NF-kB negative regulation loop in immune response. miR-146a can be 

transcriptionally activated by NF-kB in the nucleus. Mature miR-146a in the cytoplasm can target 

interleukin-1 receptor associated kinase 1 (IRAK1) and tumor necrosis factor receptor associated 

factor 6 (TRAF6), which can sense and bind with Toll-like receptor (TLR) complex upon stimulus, 

promoting the binding of TRAF6 to TAK/TAB complex, which can activate the IKK complex and 

translocate NF-kB to the cell nucleus. Nuclear NF-kB binds to the promoter region of miR-146a gene 

and activate its transcription. Adapted from (552). 
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1.5.3.2 miR-146a in neurodegeneration 

Using small RNA profiling, distinct expression levels of miR-146a have been detected in 

various biological fluids, including serum, CSF and saliva, from neurodegenerative disease 

patients, animal models and cell culture models (553). miR-146a has been implicated in the 

neurodegeneration induced by altered innate immune responses and neuroinflammatory 

pathways in progressively degenerating human brain cells and tissues, especially AD 

associated neuroinflammation (537, 554, 555), and in prion disease (357, 455). miR-146a 

was expressed at a high level in the serum of pre-onset AD patients, thus can serve as 

important diagnostic marker for early detection of AD (70, 555). In silico analysis of AD 

associated mRNA and miRNA profiles was used to identify active transcription factors and 

miRNA regulatory pathways in AD, and the miR-146aSTAT1Myc pathway was found 

to be upstream of all the nine significant potential cascades (556) (Figure 1.5), indicating the 

involvement of miR-146a in AD. miR-146a upregulation was observed in the brain of AD 

patients, coupled with decreased complement factor H (CFH) - an important negative 

regulator of the innate immune system, and it was found to regulate inflammatory signalling 

in AD and in stressed human brain cells (555). Same correlation was observed in IL-1β 

and/or Aβ treated human primary neural cells, illustrating the potential of miR-146a as an 

effective therapeutic miRNA against pathogenic inflammatory signalling (555). Besides, in 

primary human neuronal glial cells and Aβ and cytokine stressed brain cells, upregulated 

miR-146a contributes to decreased tetraspanin 12 (TSPAN12), which is essential for the 

sufficient neurotrophic cleavage of -APP (557, 558); there is a strong miR-146a-IRAK1 

correlation in human astrocytes (557), indicating the critical role of miR-146a in regulating 

inflammation related and membrane associated mRNAs in the brain. 

 

1.5.3.3 miR-146a in cancer  

Cancer cells often require constant expression of NF-kB to promote the survival, proliferation 

and metastasis of the cells (559). In metastatic human breast cancer cells, miR-146a can 

negatively regulate NF-kB expression and its targets IL-6, IL-8 and MMP9, and reduce the 

metastatic phenotype of the cells (542). In hematopoietic stem and progenitor cells, loss of 

miR-146a partly caused increased susceptibility of the patients to cancer, through increasing 

the expression of Toll-interleukin-1 receptor domain containing adaptor protein (TIRAP) and 

TRAF6, which is similar to several clinical features of 5q- syndrome (560). This regulation 
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mechanism also underlies hematopoiesis and bone marrow failure in hematopoietic stem and 

progenitor cells (561), suggesting the role of miR-146a in promoting malignancy. 

 

miR-146a can also regulate tumorigenesis through other signalling pathways. Shao et al 

identified a negative feedback regulatory role of miR-146a in platelet-derived growth factor 

(PDGF) signalling in human glioblastoma cells (562). Besides, miR-146a expression was 

induced in FOXP3 overexpressed T-regulatory cells, leading to the inhibition of NF-kB 

signalling through the suppression of IRAK1 and TRAF6, and resulted in increased cellular 

apoptosis, suggesting a new mechanism for FOXP3-miR-146a mediated tumour suppression 

(563). These findings suggest the tumor suppressive role of miR-146a in tumorigenesis, via 

modulating the pro-inflammatory pathways. However, there have been controversial reports 

on the potential oncogenic role of miR-146a. miR-146a can promote the proliferation of 

cervical cancer cells and colorectal cancer cells with transient overexpression (564). In 

leukemia cell lines, miR-146a overexpression could promote megakaryocytic proliferation, 

differentiation and maturation, as well as colony formation, via PLZF-miR-146a-CXCR4 

cascade (565), suggesting the critical role of miR-146a in carcinogenesis.  

 

1.5.3.4 miR-146a in cardiovascular diseases 

Increased expression levels of miR-146a was detected in a variety of cardiovascular 

pathological environments, such as in peripheral blood mononuclear cells (PBMCs) from 

patients with coronary artery disease (566), in atherosclerotic arteries from patients enrolled 

in the Tampere Vascular study (567), in severe myocardial infarction patients with 

ventricular rupture (568), in the serum of patients diagnosed with acute coronary syndrome 

(569), and in patients with left-ventricular remodelling (570). These clinical studies suggest 

the significant role of miR-146a in cardiovascular pathogenesis and its potential diagnostic 

role in diseases assessment. miR-146a was found to regulate TLR4 signalling and target 

IRAK1 and TRAF6 in coronary artery disease patients (566). Apolipoprotein E (ApoE) is 

known to exert anti-inflammatory properties that protect against atherosclerosis and 

inflammatory disease. miR-146a overexpression in ApoE knockout mice prevented monocyte 

and macrophage activation, atherosclerosis, and pro-inflammatory responses in the absence 

of plasma lipid reduction (571). In cardiomyocytes and inflammatory monocytic cells, miR-

146a can also rescue sepsis-induced cardiac dysfunction by inhibiting NF-kB and 

inflammatory cytokine production, via targeting IRAK1 and TRAF6 (572). 
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1.5.3.5 miR-146a in arthritis and renal pathologies  

Differential miR-146a expression levels have been detected in arthritis and renal associated 

disorders. Elevated miR-146a level was broadly detected in rheumatoid arthritis (RA) 

patients compared with healthy controls (553, 573-579). The increase is accompanied by 

elevated expression of tumor necrosis factor (TNF-α) (578, 579). TNF-α and IL-1β 

stimulation might be responsible for increased miR-146a level in synovial fluid in RA 

patients compared with osteoarthritis (573, 577). Dysregulated miR-146a level was also 

associated with IL-17 expression in the PBMCs and synovium from RA patients (553). miR-

146a was downregulated in PBMCs in chronic kidney disease patients, whereas miR-146b 

was increased (580), suggesting the differential regulation of miR-146 family members in 

this disease. In a mouse model of renal fibrosis induced by unilateral obstruction, exogenous 

miR-146a treatment attenuated renal fibrosis by inhibiting pro-fibrotic and transforming 

growth factor beta 1 (TGF-1) signalling cascade (581), suggesting a protective role of miR-

146a in renal pathophysiology. 

 

1.5.3.6 miR-146a G/C polymorphism associated disorders  

miR-146a G/C polymorphism (rs2910164) is a mismatch from G:U pair to C:U within the 

passenger strand of the stem structure of miR-146a precursor (582); it induces decreased 

amount of pre- and mature miR-146a, potentially through altering transcription factors 

binding efficiency. miR-146a G/C polymorphism has also been shown to promote 

tumorigenesis (539). In an association study of papillary thyroid carcinoma (PTC) patients 

and controls, G/C polymorphism is associated with an increased risk of acquiring PTC, 

whereas both homozygous G/G and C/C are protective (582), probably due to the altered 

target genes expression affected by the miR-146a polymorphism status (582). Similar 

association was found in hepatocellular carcinoma (HCC) patients (583). Another study 

reported that breast cancer or ovarian cancer patients with at least one miR-146a G/C 

polymorphism were diagnosed at an earlier age than patients with no variant alleles (539). 

The key breast and ovarian cancer gene, BRCA1, is predicted to be a miR-146a target, and 

exhibits stronger binding with miR-146a in the 3’ UTR in G/C allele than those with common 

G allele (539). These studies suggest that miR-146a G/C polymorphism is oncogenic, and the 

homozygous allele can be protective from the early onset of cancer. Additionally, in the 

Chinese Han population, the miR-146a G/C polymorphism correlates with an increased risk 
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for coronary artery disease (CAD) (584), indicating the involvement of G/C polymorphism in 

cardiovascular disorders. 

 

 

1.6 Analysing the functional consequences of miRNA expression 

1.6.1 miRNA overexpression 

miRNA mimics are synthesized RNA molecules consisting of double-stranded 

oligonucleotides that are similar to mature miRNA duplexes, and are designed to bind to the 

same target mRNAs (585). Delivery of miRNA mimics into cells bypasses the maturation 

steps of endogenous miRNA biogenesis and can alter miRNA abundance instantly (586, 

587). Some chemical modifications, such as the methylation of the passenger strand that are 

not present in endogenous miRNAs, are often introduced to miRNA mimics to improve their 

stability and to facilitate guide miRNA loading to miRISC (585, 588, 589). Commercial 

miRNA mimics have been utilized in numerous studies due to their easy accessibility and 

usage. However, the accumulation of high molecular weight RNA species and non-specific 

gene profile changes have been reported following the transient transfection of miRNA 

mimics in HeLa cells, as well as several hundred folds increases in mature miRNA levels 

(586). The RNA species with high molecular weight were analysed to be a mixture of several 

classes of RNA species generated by concatemerization, 5’ and 3’ end tailing of miRNA 

mimics. Besides, the oligonucleotide modifications have been found to affect the proper 

function of AGO and miRISC with other endogenous miRNAs (590). To minimize this 

effect, it was suggested that the transfection concentration of miRNA mimics should be 

optimized using serial dilution transfection test, and the lowest concentration that can 

efficiently repress target mRNA expression should be used (586). 

 

miRNA overexpression can also be achieved using lentiviral and retroviral infection of 

plasmid vectors containing the natural miRNA gene or the short hairpin sequences of the 

precursor miRNA. The newly synthesized miRNAs following the infection will be processed 

through the natural miRNA biogenesis pathway same to that of the endogenous miRNAs. 

This method can increase the mature miRNA expression level to less than 10 fold of change, 

which is sufficient to suppress miRNA target expression, compared with the control vector 

transfected cells, and it does not lead to the appearance of high molecular weight RNA 

species and non-specific gene profile changes (586). The in vivo delivery of miRNAs without 
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chemical modifications can be done through delivery by viral vectors or direct injection into 

the tissues, as well as the encapsulation of miRNA mimics in lipid nanoparticles (LNPs), 

which can enhance the miRNA mimics uptake into the cells and enable their release from the 

endosomes to the cytoplasm (591). Aptamers have also been used to deliver miRNA mimics, 

they are small single stranded oligonucleotides that can interact with cell surface receptors, 

thus enabling the pass through of miRNA mimics into the cells (592). 

 

 

1.6.2 miRNA downregulation 

miRNA can be downregulated using miRNA inhibitors, which are antisense oligonucleotides 

that are complementary to the sequences of mature miRNAs. They are designed to bind to the 

mature strand of targeted miRNA and induce a functional blockade. miRNA inhibitors are 

usually chemically modified using 2′-O-methoxyethyl (2’ MOE) or locked nucleic acid 

(LNA) to enhance their stability and permeability into cells (593). However, the miRNA 

antisense inhibitor oligonucleotides are usually only effective for short term experiments 

(approximately 24-72 hours), due to the degradation and dilution caused by cell proliferation. 

In vivo delivery of miRNA inhibitors is dependent on chemical modifications that protect 

them from degradation, however, they cannot cross the BBB (594).  

 

Other miRNA downregulation methods targeting one specific miRNA target or blocking 

miRNAs with the same seed region have been developed, such as target mask and miRNA 

sponge (595). A target mask is composed of oligonucleotides that can bind to a portion of an 

endogenous miRNA target without initiating mRNA degradation or translational inhibition. 

This strategy protects one particular mRNA target from miRNA-mediated repression. 

miRNA sponges are RNA molecules with an open reading frame (ORF) and repeated high 

affinity miRNA antisense sequences that can prevent miRNAs from binding to their 

endogenous targets and thus act as competitive decoys (595-597). They can specifically 

inhibit the activity of a miRNA family sharing a common seed region. miRNA research 

requires more robust methods to efficiently and permanently knockdown or knockout 

miRNA expression and facilitate in vivo delivery of miRNA therapeutics. 
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1.7 CRISPR/Cas9 gene editing 

1.7.1 What is CRISPR? 

Clustered regularly interspaced short palindromic repeats (CRISPRs) are DNA loci 

containing short base sequences repetitions, with each short sequence followed by a short 

spacer DNA segment originating from previous virus invasions (598). The spacer can 

recognize and cut the exogenous genetic elements in a manner similar to RNAi in eukaryotic 

organisms (598). The CRISPR system serves as an archaea and bacteria adaptive immune 

system conferring resistance to outside plasmids or phage invasions (599, 600); it is broadly 

found in eubacteria and archaea genomes (601).  

 

 

1.7.2 Types of CRISPR system 

CRISPR/Cas systems are classified into two classes, five types and 16 subtypes, based on Cas 

protein sequences and locus architectures (602). Featured by multi-subunit effectors, Class 1 

systems are composed of type I, type III and type IV; Class 2 systems are characterized by 

single protein effectors, including tracrRNA guided Cas9 in Type II and single-RNA guided 

Cpf1 in the type V system (602). Cas1 and Cas2 endonucleases universally occur across all 

types and subtypes of CRISPR systems (603). Cas9 endonuclease protein contains 1,368 

residues and targets protospacer adjacent motif (PAM) of NGG (604) in type II CRISPR 

system. Cpf1, a smaller and simpler Cas9 orthologue, can recognize PAM sequences (5’ 

TTTN 3’) located at the 5’ of the target with few off-target effects (605). Class 2 systems 

have been adapted for genome engineering. In Streptococcus pyogenes, Type II system is 

comprised of Cas9 endonuclease, noncoding RNAs and a distinct CRISPR RNA array 

(crRNA), which contains protospacers associated with a PAM within the DNA target (600, 

606). The noncoding RNAs and crRNA in type II CRISPR system were further modified to 

contain a chimeric, single-guide RNA (sgRNA). The CRISPR/Cas9 system can be redirected 

to nearly any target in the vicinity of PAM sequences with the guide RNA sequence (607, 

608). 

 

 

1.7.3 Type II CRISPR/Cas9 system mechanism of action 

The type II CRISPR/Cas system utilizes Cas9 nuclease and a 20-nucleotide long guide RNA 

(gRNA), to target DNA sequences through Watson-Crick base pairing and conduct cleavage 
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at the genome loci (609, 610). Upon cleavage by Cas9, the double strand breaks (DSBs) on 

the target gene undergo one of the two major DNA damage repair pathways: the error prone 

non-homologous end joining (NHEJ) pathway or the high-fidelity homology directed repair 

(HDR) pathway, resulting in insertions, deletions or/and mutations of the gene sequences, or 

precise modifications at target locus using an exogenous DNA repair template (611). 

Multiple DSBs can be employed to induce large deletions using NHEJ repair pathway (612). 

In HDR repair pathway, the donor templates can be supplied with chemically synthesized 

single-stranded DNA oligonucleotides of 90-200 nucleotides in length containing the cleaved 

target and the introduced mutations. However, HDR suffers low efficiency (<5%) due to a 

few reasons: it is generally only active in dividing cells; the activity varies among cell types 

and status, genomic location and repair template (613); the competition with NHEJ (614). 

 

To reduce off-target cleavage and enhance on target specificity, an inactive Cas9 (dCas9) can 

be generated (611). Cas9 is consisted of two functional units, HNH nuclease domain can 

cleave the complementary strand to the crRNA guide sequence, whereas RuvC domain can 

cleave the non-complementary strand (615). Two mutations can be introduced in the RuvC 

(D10A) and HNH (H840A) active sites of the Cas9 endonuclease to inactivate its catalytic 

function without affecting its binding ability (616, 617). The mutated dCas9 only produces 

single strand breaks instead of DSBs, resulting in enhanced targeting specificity and can be 

expanded to regulate gene transcription. Additionally, using two gRNAs to target an 

individual gene simultaneously can significantly improve the efficiency of Cas9 mediated 

genome targeting (618). 

 

 

1.7.4 Applications of CRISPR/Cas9 gene editing 

The rapid development of CRISPR/Cas9 engineering has sparked intense interest in research 

field and it has been widely used for genome editing, base editing, transcriptional regulation 

through CRISPR mediated interference (CRISPRi) or activation (CRISPRa), and epigenome 

editing, as well as genome screening in various species, including in humans, mice, zebrafish, 

Drosophila and C. elegans (618-622). The delivery methods of CRISPR system can be 

classified as non-viral and viral. Non-viral delivery systems include electroporation or 

nucleofection, lipid-based transfection, cationic peptides, and microinjection (623). Viral 
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delivery systems rely on natural viral vectors, such as retroviruses, lentiviruses, adenoviruses, 

and adeno-associated viruses (623).  

 

Besides the mostly widely application of CRISPR/Cas9 on knocking down/out gene 

expressions, a new strategy to introduce point mutations in an RNA-programmed manner that 

does not rely on DSBs and HDR has been developed. Through conjugation of dCas9 with an 

enzymatic or chemical catalyst that mediates the direct conversion of one base to another, and 

under the direction of gRNA, the engineered dCas9 cytosine deaminase fusion protein leads 

C to U conversion on single-stranded DNA, within a small window (3-5 nucleotides) of the 

protospacer, thus resulting in a precise single nucleotide editing in the mammalian genome, 

which mimics the single nucleotide polymorphisms (SNPs) that is associated with various 

disease occurrence and severity (624). Base editing efficiencies are much higher than the 

efficiency of HDR-mediated point mutation (624). 

 

CRISPR mediated interference (CRISPRi) is based on the transcription repressor role of 

dCas9 itself, and its high affinity for targeting DNA and hinder the transcriptional activity of 

RNA polymerase (625). A dCas9 can also be fused to a repressor domain such as KRAB, to 

trigger heterochromatin mediated gene silencing at the transcription start site (TSS) (617, 

625). dCas9 based approaches can also be used to activate transcription of genes from their 

endogenous genomic loci. The transcriptional activation domain VP64, which consists of 

four tandem copies of the Herpes Simplex Viral Protein 16 (VP16), can be fused directly to 

the C terminus of dCas9 and increase the expression of a variety of genes (626, 627). 

However, activation of multiple transcripts from one and the same TSS cannot be controlled 

individually. 

 

CRISPRi and CRISPRa have also been used in epigenetic editing, which enables the precise 

placement of epigenetic marks with programmable DNA binding domain fusions, resulting in 

gene regulation without changing DNA sequences (628). The mechanisms include regulating 

transcription, altering posttranslational histone modifications, modifying DNA methylation, 

and modulating regulatory element interactions (629). Several epigenetic editing effectors 

have been fused with synthetic DNA binding domains to modify target loci. A CRISPR/Cas9 

and DNA methyltransferase 3A (DNMT3A) fusion was used to induce DNA methylation at 

specific loci in the genome, with the DNA methylation levels peaking within 50 nucleotides 

of the gRNA binding site and between pairs of gRNAs (630, 631). Targeting dCas9-Tet1 
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fusion to unmethylated promoter sequences caused activation of an endogenous reporter and 

upregulated transcription of target genes, and these fusions can induce over 90% 

demethylation of CpG islands within a 200 nucleotides range of the target site (630, 631). 

Additionally, a histone-modifying CRISPR based tool in which the catalytic domain of 

human acetyltransferase p300 was fused to the C terminus of dCas9, can catalyse histone H3 

lysine 27 (H3K27) acetylation at loci up to thousands of base pairs from the gRNA specified 

locus and results in transcriptional activation of genes (632, 633). The fusion between histone 

demethylase LSD1 and dCas9 enables the demethylation of dimethylated histone H3 lysine 4 

(H3K4me2) at sites > 350 nucleotides from the gRNA binding site (634). 

 

Genome-wide screening using CRISPR/Cas9 system in human and mouse cells provides a 

novel way to reveal new regulatory mechanisms in biological and pathological processes. 

gRNA libraries and Cas9 were delivered into cells, wherein the genes were screened for a 

phenotype of interest that were potentially involved in cancer progression, drug resistance, 

immune response, vulnerability to bacterial toxins and epigenetic regulatory elements in the 

native genome context (635, 636). The human genome scale CRISPR/Cas9 library can target 

19,050 genes and 1,864 miRNAs (636). miRNAs such as miR-155 were identified to regulate 

myeloid leukemia cell growth using genome wide screening (637). CRISPR/Cas9 system 

mediated genome engineering for generation of gene modified mice can be achieved in 4 

weeks of time (638), which is fast and effective compared to the complicated and time 

consuming traditional gene editing in mice using embryonic stem cells. CRISPR/Cas9 gene 

editing also holds promise for human gene therapy. It has been used to create oncolytic 

viruses to selectively transduce and kill cancer cells (639); it was used to replace specific 

genome sequences of human T cells with modified sequences (640). In 2016, a Chinese 

group started the first clinical study using CRISPR/Cas9 system to modify T cells before 

injecting into a patient with metastatic non-small cell lung cancer, and the results is 

promising (641). 
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1.8 Aims of this thesis 

Dysregulated miR-29b and miR-146a have been detected in prion diseases and AD (358). 

miR-29b and its targets BACE1 and SP1 can participate in various pathologies (451, 531-

533). The interaction between SP1 and prion protein has been identified in copper 

homeostasis maintenance (67), giving rise to the possibility of miR-29b regulating prion 

protein expression through SP1 in prion pathogenesis. Constantly upregulated miR-146a in 

prion disease models can target IRAK1 and TRAF6, two main regulators of immune 

response, leading to the activation of NF-kB, which can in turn transcriptionally activate 

miR-146a expression, thus forming a negative regulation feedback loop (642). miR-146a has 

been found to regulate the microglial activation in prion induced neurodegeneration through 

inflammation pathways (456). Additionally, according to the bioinformatics prediction, miR-

146a has binding sites in the 3’ UTR of prion protein encoding gene PRNP (382), suggesting 

that miR-146a might play an important functional role in prion disease not only by regulating 

the inflammatory signalling, but also through directly targeting prion protein. 

 

It was thus hypothesized that miR-29b could regulate prion protein PrP expression through 

targeting transcription factor SP1; however, multiple targets of miR-29b may be involved in 

miR-29b mediated prion pathogenesis. miR-146a targets PrP directly, and the inflammatory 

pathway is also induced by miR-146a in prion disease. miR-29b and miR-146a can 

eventually affect the generation of prion protein disease associated isoform PrPSc and have an 

impact on prion disease progression.  

 

To study the functions of miR-29b and miR-146a in prion diseases, a more robust and 

effective method for miRNA loss-of-function was needed to be established, and 

CRISPR/Cas9 gene editing served as a promising tool to knockdown or knockout miRNA 

expression in cell and animal models. The miRNA knockdown models could also be used to 

study the miR-29b and miR-146a regulation networks under different cellular environments, 

thus providing clues for alternative regulatory pathways of the miRNAs in prion pathogenesis 

or in other neurodegenerative disorders. 

 

The first aim (Chapter 3) would be to establish the method of knocking down miR-29b and 

miR-146a using CRISPR/Cas9 gene editing in suitable cell lines, to assess the off-target 

effects of this method, and to reveal the regulation networks of miR-29b and miR-146a by 
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analysing the gene or miRNA profile changes induced by miRNA knockdown. The second 

aim (Chapter 4) would be to investigate the functional roles of miR-29b in prion disease 

using in vitro models, by exploring the regulation pathways of miR-29b-PrP in prion disease 

and determining if miR-29b impacts PrPSc generation, thus affecting prion disease 

progression. The role of miR-29b in regulating AD key proteins would also be briefly 

investigated. The third aim (Chapter 5) sought to reveal the mechanisms underlying the 

upregulated miR-146a levels in prion disease models, and to investigate whether miR-146a 

acts as an upstream regulator of PrP and whether miR-146a mediated inflammatory pathway 

is involved in prion pathogenesis. 

 

Taken together, this thesis aimed to establish a robust method to knockdown or knockout 

miR-29b and miR-146a expressions using CRISPR/Cas9 gene editing, which could then be 

used as a model to identify the regulatory networks of the miRNAs and to investigate the 

functional roles and pathways of miR-29b and miR-146a in prion disease induced 

neurodegeneration, thus determining whether miR-29b or/and miR-146a can be effective 

therapeutics in curing prion disease. 
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CHAPTER 2 - MATERIALS AND METHODS 

2.1 Equipment and reagents 

The equipment and reagents including chemicals, buffers, media, and kits used in this study 

are listed in Table 2.1 and Table 2.2. The custom made buffers are listed in Table 2.3. 

 

Equipment Source 

CO2 cell culture Incubator ThermoFisher Scientific 

Isopropanol Freezing Container ThermoFisher Scientific 

Allegra Benchtop Centrifuge Beckman Coulter 

Eppendorf Centrifuges Eppendorf 

ProFlex PCR System ThermoFisher Scientific 

QIAgility Liquid Handling Robot Qiagen 

XCell SuperLock Mini-Cell Electrophoresis System ThermoFisher Scientific 

Criterion gel tank Bio-Rad Laboratories 

Electrophoresis Power Supplies Bio-Rad Laboratories 

UltraBright LED transilluminator Syngene 

G:BOX Gel Doc System Syngene 

Vac-Man Laboratory Vacuum Manifold Promega Cooporation 

BioSpec-nano spectrophotometer Shimadzu 

Rocking Platform Shaker Ratek 

CLARIOstar Fluorescence plate reader BMG Labtech 

ChemiDoc Imaging System Bio-Rad Laboratories 

FACSria equipment BD Biosicences 

Leica AF6000 widefield epi-fluorescence microscope Leica Microsystems 

Agilent 2100 Bioanalyzer Agilent Technologies 

ViiA7 Real-Time PCR System ThermoFisher Scientific 

NextSeq 500 System Illumina 

Table 2.1 Equipment list and source. 

 

 

Experiments Reagents Source 

Cell culture 

Dulbecco's Modified Eagle Medium (DMEM) ThermoFisher Scientific 

Reduced Serum Medium (Opti-MEM)   ThermoFisher Scientific 

Penicillin-Streptomycin (10,000 U/ml) ThermoFisher Scientific 

GlutaMAX Supplement ThermoFisher Scientific 

Fetal Bovine Serum (FBS) ThermoFisher Scientific 

Dulbecco’s phosphate-buffered saline (DPBS) ThermoFisher Scientific 

Lipofectamine 3000 Transfection Reagent  ThermoFisher Scientific 

Lipofectamine RNAiMax Transfection Reagent ThermoFisher Scientific 

mirVana miRNA Mimic, Negative Control #1 ThermoFisher Scientific 

mirVana miR-29b Mimic ThermoFisher Scientific 

mirVana miR-146a Mimic ThermoFisher Scientific 

Propidium Iodide (1.0 mg/ml in water) Sigma Aldrich 
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Experiments Reagents Source 

Cell culture 
DAPI for nucleic acid staining  Sigma Aldrich 

Dimethyl Sulfoxide (DMSO)  Sigma Aldrich 

Molecular 
Protocols 

DH5α Competent Cells ThermoFisher Scientific 

One Shot Stbl3 Chemically Competent Cells ThermoFisher Scientific 

pmirGLO Dual-Luciferase Vector Promega Corporation 

pEZX-MT-06 Ppp2ca Vector GeneCopoeia 

pEZX-MT-06 Prnp Vector GeneCopoeia 

pEZX-MT-06 Luciferase Vector GeneCopoeia 

pSpCas9(BB)-2A-GFP  Addgene 

PureYield Plasmid Midiprep System   Promega Corporation 

QuickChange Site-Directed Mutagenesis kit  Stratagene Corporation 

PlasmidSafe ATP-dependent Dnase  Epicentre 

Dual-Glo Luciferase Assay System Promega Corporation 

Luc-Pair Duo-Luciferase Assay Kit GeneCopoeia 

Surveyor Mutation Detection Kit Integrated DNA Technologies 

Wizard SV gel and PCR Clean-Up System Promega Corporation 

QIAquick PCR Purification Kit  Qiagen 

QuickExtract DNA Extraction Solution Epicentre 

Wizard Plus SV Miniprep Kit  Promega Corporation 

SYBR Safe DNA Gel Stain ThermoFisher Scientific 

1 kb DNA Ladder New England BioLabs 

Herculase II Fusion Polymerase with Buffer  Agilent Technologies 

dNTP, 100 mM New England BioLabs 

MgCl2, 25 mM ThermoFisher Scientific 

Taq DNA Polymerase with Standard PCR Buffer  New England BioLabs 

Ampicillin Sigma Aldrich 

Agarose  Scientifix 

Chloroform Univar 

RNAlater Solution ThermoFisher Scientific 

QIAzol Lysis Reagent  Qiagen 

RNeasy RNA Extraction Kit Qiagen 

High Capacity cDNA Reverse Transcription Kit ThermoFisher Scientific 

miRNA Reverse Transcription Kit ThermoFisher Scientific 

TaqMan Fast Advanced Master Mix  ThermoFisher Scientific 

NEBNext mRNA Library Prep Master Mix Set  New England BioLabs 

Agencourt RNAClean XP Beads  Beckman Coulter 

Agilent RNA 6000 Nano Kit Agilent Technologies 

Agilent RNA 6000 Pico Kit Agilent Technologies 

Agilent DNA 1000 Kit Agilent Technologies 

Western 
Immunoblotting 

cOmplete Ultra protease inhibitor tablet Roche 

Clarity ECL Western Blotting Substrate Kit Bio Rad Laboratories 

Pierce BCA Protein Assay Kit ThermoFisher Scientific 

NuPAGE 4-12% Bis-Tris Protein Gels  ThermoFisher Scientific 

SuperBlock (TBS) Blocking Buffer ThermoFisher Scientific 

NuPAGE MES SDS Running Buffer (20 x) ThermoFisher Scientific 
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Experiments Reagents Source 

Western 
Immunoblotting 

SeeBlue Plus2 Pre-stained Protein Standard ThermoFisher Scientific 

Diploma Instant Skim Milk Powder Fonterra 

Tween20 Ajax Finechem 

β-merchaptoethanol Sigma Aldrich 

Phenylmethylsulfonyl fluoride (PMSF) Sigma Aldrich 

Proteinase K Sigma Aldrich 

Table 2.2 Usage of reagents including chemicals, media, buffers and kits. 

 

 

Buffers Making Methods 

1 x PBS 
Dissolve 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 g KH2PO4 to 800 ml dH2O; adjust 
pH to 7.4. Add dH2O to a total volume of 1 L. 

1 x PBST  Add 0.1% (v/v) Tween-20 to 1 x PBS and mix well.  

2 M NaOH Dissolve 80 g NaOH in 1 L of dH2O. 

10 mM Tris-HCl       
(pH 7.4) 

Dissolve 1.21 g Tris base in 800 ml of dH2O, adjust pH to 7.4. Add dH2O to a total 
volume of 1 L. 

3 M sodium acetate 
(pH 4.6) 

Dissolve 40.8 g sodium acetate in 80 ml of dH2O, adjust pH to 4.6 and add dH2O to 
bring the total volume to 100 ml. 

FACS buffer  Add 2 ml FBS to 98 ml of calcium and magnesium free PBS buffer. 

Freezing medium  Mix 9 ml FBS and 1 ml cell culture grade dimethyl sulfoxide (DMSO). 

LB medium  
Dissolve 10 g bacterial tryptone, 5 g yeast extract, 5 g NaCl to 800 ml dH2O. Adjust pH 
to 7.5 and add dH2O to a total volume of 1 L. Autaclave before use. 

50 x TAE buffer 
Dissolve 242 g Tris, 57.1 ml glacial acetic acid, and 100 ml of 500 mM 
ethylenediaminetetraacetic acid (EDTA) (pH 8.0); adjust the volume with dH2O to 1 L. 

Protein Lysis Buffer 
This buffer contains 150 mM NaCl, 50 mM Tris (pH 7.4), 1% (v/v) Triton X-100, 1% 
(w/v) sodium deoxycholate. Add 1 tablet of protease inhibitor for every 10 ml of buffer 
prior to use. 

1 x Transfer Buffer  This buffer contains 25 mM Tris, 200 mM glycine, and 20% (v/v) methanol.  

Stripping buffer Add 1 ml of hydrochloric acid in 49 ml dH2O and mix well. 

Tail DNA extraction 
buffer 

This buffer contains 100 mM EDTA (pH 8.0), 100 mM NaCl, and 1% SDS (sodium 
dodecyl sulfate). Add proteinase K to a final concentration of 0.1 mg/ml prior to use. 

Table 2.3 Custom made buffers. 

 

 

2.2 Use of animals  

Animal usage in this study was carried out in strict accordance with the guidelines in the 

Australian Code of Practice for the Care and Use of Animals for Scientific Purposes issued 

by the National Health and Medical Research Council (NHMRC). The use of prion strain 

M1000 infected mice was approved by the Animal Ethics Committee of The University of 

Melbourne (ID1111949). miR-146a transgenic mice usage was approved by the Animal 

Ethics Committee of La Trobe University (AEC16-37). 
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2.2.1 M1000 prion infected mice 

The M1000 prion strain is derived from the Fukuoka-1 strain of mouse-adapted human 

prions, which was derived from a patient who died from GSS (643). A 10% (w/v) infectious 

brain homogenate was prepared in magnesium and calcium free DPBS (Dulbecco’s 

phosphate buffered saline) from a pool of BALB/c mice killed at the terminal stage of the 

disease (644); it contains about 1.0 x 109 infectious dose units per gram (g) of tissue. Sham 

mice inoculated with DPBS were used as the control group of mice. The brain tissues from 

M1000 and sham mice were kindly provided by Associate Professor Victoria Lawson (The 

University of Melbourne, VIC, Australia). Briefly, the brain tissues were removed from the 

sham or M1000 mice at various time points during the disease progression, and dissected into 

half along the midline of the brain. One hemi-brain was flash-frozen in liquid nitrogen and 

stored at -80 ℃ until processing for western immunoblotting. For RNA procedure, the hemi-

brain was placed in 700 µl of RNAlater solution to preserve RNA for isolation. The samples 

were kept at 4 ℃ for 24 hours before transferred to -80 ℃ for storage. 

 

2.2.2 miR-146a transgenic mice 

miR-146a transgenic mice were generated using CRISPR/Cas9 gene editing by the Australian 

Phenomics Network (APN) CRISPR service (Monash University, VIC, Australia). The co-

delivery of two gRNAs into the mouse zygotes facilitated the depletion of the whole miR-

146a gene sequences from the C57BL/6 mouse genome. The engineered zygotes 

differentiated into blastocysts, and were embryo transferred into the surrogate mice for the 

generation of miR-146a modified mice. The first generation of mice, also called foundation 

mice, exhibited hemizygous genotype of miR-146a (miR-146a-/+). Homozygous mice with 

the miR-146a knockout genotype (miR-146a-/-) were generated. The mice were given food 

and water with all handling according to prescribed national guidelines, and they were 

monitored daily for health status. The mice were killed using cervical dislocation at 

predetermined time points during ageing, and their brain tissues were removed and dissected 

into half along the midline. One hemi-brain was used for western immunoblotting, and the 

other half was used for RNA procedure. The processing methods were the same to the 

previous description in M1000 mice. 

 



57 
 

2.3 Cell culture protocols 

2.3.1 Maintenance of cells 

Cell culture was performed in Class 2 BioSafety Cabinet under sterile conditions in a 

Physical Containment Level 2 (PC2) facility. Five cell lines were used in this study: the 

human embryonic kidney cells - HEK293T cells (645), the human epithelial cervix 

adenocarcinoma cells - HeLa cells (646), the mouse brain neuroblastoma cells - neuro-2a 

(N2a) cells (647), the mouse embryo fibroblast cells - NIH/3T3 cells (648), and the human 

bone marrow neuroblastoma cells - SH-SY5Y cells (649). The cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% (v/v) heat inactivated 

Fetal Bovine Serum (FBS), 100 units of Penicillin-Streptomycin (10,000 U/ml), and 1x 

GlutaMAX, in tissue culture flasks in a humidified 5% (v/v) CO2 environment at 37 C. 

When passaging cells, the cells were washed once with warm, sterile DPBS, and detached 

using cell scrapers. The cells were then pelleted by centrifugation at 2,500 g for 2.5 minutes 

in 15 ml Falcon tubes. The cell pellets were resuspended in culture media and transferred to 

cell culture flasks at an appropriate dilution. The HEK293T cells, HeLa cells, N2a cells and 

NIH/3T3 cells were passaged every two days with 1:10 splits, and SH-SY5Y cells were 

passaged every four days with 1:3 splits; media was changed every two days.  

 

2.3.2 Freezing and thawing cells 

To freeze cells, cells were grown to 80-90% confluence in a 75 cm2 cell culture flask and 

harvested. Half of the cells were resuspended in 2 ml freezing medium containing 90% FBS 

and 10% (v/v) cell culture grade dimethyl sulfoxide (DMSO). 1 ml aliquots of the suspension 

were then transferred into 1.5 ml cryogenic vials, and labelled with cell type, passage 

number, operator name and date. The vials were then placed in an Isopropanol Freezing 

Container, which was stored at -80 C for more than 24 hours, and the vials were then 

transferred into liquid nitrogen for long term storage. To thaw cells, the cryogenic vials 

containing cells were transported from liquid nitrogen onto ice, then quickly to a 37 C water 

bath for rapid thawing. When the content was thawed, 10 ml warm complete culture media 

was added to the cell suspension and centrifuged at 2,500 g for 2.5 minutes. The pellet was 

resuspended in fresh culture medium, and then transferred into a 75 cm2 flask and incubated 

overnight. Media was changed on the following day to remove remaining DMSO and cell 

debris, and cells were then cultured as per previously described. 
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2.3.3 Plasmid and miRNA mimic transfections 

The cells were plated at a density of 2.0 x 105 per well in a 6-well plate the day before 

transfection, reaching approximately 70-90% confluence at the time of transfection. 

Lipofectamine 3000 Transfection Reagent was used for plasmids transfection and the co-

transfection of plasmids and miRNA mimics. For plasmids transfection, 5 µl Lipofectamine 

3000 reagent was diluted in 150 µl of serum-free Reduced Serum Medium (Opti-MEM) and 

mixed, 2,500 ng of DNA and 5 µl P3000 reagent were diluted in 150 µl Opti-MEM media 

and mixed thoroughly. The diluted DNA was added to the diluted Lipofectamine 3000 

reagent at a 1:1 ratio and mixed. The complex was then incubated for 10-15 minutes at room 

temperature. Meanwhile, 1 ml serum-free Opti-MEM media was used to replace existing cell 

culture media in the cell culture plate. 300 µl of the DNA-reagents complex was then added 

to the cells to be transfected. Approximately 6 hours after transfection, 2 ml complete cell 

culture media were added to the transfection wells. The cells were incubated for 24-72 hours 

in the cell incubator and then processed for cell sorting or protein/RNA analysis. For co-

transfection of plasmids and miRNA mimics, 5 µl Lipofectamine 3000 reagent was diluted in 

150 µl of serum-free Opti-MEM media, meanwhile 2,000 ng of DNA, and 25 pmol miRNA 

mimics were diluted in 150 µl Opti-MEM media and mixed. All the other steps were 

performed as per previously described. 

 

For miRNA mimic transfection, the cells were plated at a density of 1.5 x 105 per well in a 6-

well plate the day before transfection, reaching approximately 60-80% confluence at the time 

of transfection. 9 µl RNAiMax reagent was diluted in 150 µl Opti-MEM and mixed; 3 µl 

miRNA mimic (10 µM) was diluted in 150 µl Opti-MEM and mixed. The miRNA mimic 

dilution was added to the RNAiMax dilution and mixed. The complex was incubated for 5 

minutes at room temperature. The cell culture media was replaced with 1 ml Opti-MEM and 

300 µl of the complex was added into each of the transfection wells. Fresh complete cell 

culture media was added to the transfection wells about 6 hours post transfection. The cells 

were incubated for 24-72 hours in the cell incubator before being harvested for protein or 

RNA analysis. In this study, mirVana miR-29b Mimic and miR-146a Mimic were used for 

miRNA mimics transfection, with mirVana miRNA Mimic Negative Control #1 as the 

scramble control. 
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2.3.4 Microscope imaging 

Cells transfected with the CRISPR/Cas9 plasmids containing GFP fluorescence marker 

(described in section 2.4.1) were imaged using a Leica AF6000 widefield epi-fluorescence 

microscope for observation and image acquisition using 10 x and 20 x objectives. Bright field 

images were taken at the same time with the same magnification power. The exposure time 

for all samples was set to be the same in each experiment. The images were annotated with 

micron scales and exported using Leica AF6000 imaging software. 

 

2.3.5 Fluorescence Activated Cell Sorting (FACS)  

Five types of cell lines described in 2.3.1 were processed for FACS. The cells were 

transiently transfected with the reconstructed CRISPR/Cas9 plasmids containing GFP 

fluorescent marker and miRNA targeting gRNA cassettes, for 24 or 48 hours. The cells were 

then detached and washed in calcium and magnesium free DPBS. The un-transfected cells 

and cells transfected with the control plasmids px458 were used as the negative controls. The 

cells were then resuspended to a density of 0.5-1 x 107 cells per ml in FACS buffer. EDTA 

was added to the cell suspension to a final concentration of 1-5 mM to prevent cells from 

clumping. To ensure that viable cells were collected, 1 µg/ml Propidium Iodide (PI) and 200 

ng/ml DAPI were added to the cells just prior to cell sorting. Samples were filtered with 30-

40 um strainers before being processed on the FACSAria equipment. The cells were isolated 

based on the forward and side scatter light changes, and their GFP fluorescence signal 

strength when passing through the sorting tunnel. Cells with high GFP and low GFP signals 

were collected into collection tubes containing 1-2 ml growth media. Collected cells were 

pelleted down for RNA extraction or for protein lysis. When collecting single cells into 96-

well plates, 100 µl complete culture media was added to each well prior to sorting. Single 

cells with strong GFP fluorescence signal were collected for culture to form clones in the 96-

well plates. 

 

2.3.6 Prion infected cell culture 

2.3.6.1 Maintenance of prion infected cells 

All experiments with prion infected material were carried out in a Class 2 Biosafety Cabinet 

within the dedicated prion containment facility under PC2 precautions, in accordance with 

the Office of the Gene Technology Regulator (OGTR) regulations. Double gloves, gowns and 

safety glasses were worn at all times while handling all potentially infectious materials. Prion 
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strain M1000 infected NIH/3T3 cells and N2a cells were cultured and maintained in DMEM 

supplemented with 10% (v/v) heat inactivated FBS and 1x GlutaMAX, in humidified 5% 

(v/v) CO2 environment at 37 C. Procedures of culture medium change, cell passaging, cell 

freezing and thawing were as per previously described, with extra prion infectious material 

handling procedures. Liquid waste was decontaminated with 2 M NaOH for at least 6 hours, 

and solid waste was autoclaved in heat resistant bags at 134 C for 20 minutes. Cell culture 

flasks and tips, tubes or cell scrapers which had been in direct contact with prion infected 

material were soaked in 2 M NaOH for 6 hours prior to autoclaving. 

 

2.3.6.2 Prion infection of N2a and NIH/3T3 cells 

The brain homogenate for prion infection was prepared by weighing frozen, non-infected or 

M1000 prion infected BALB/c mouse brain in closed 1.5 ml screw cap tubes. Calcium- and 

magnesium-free DPBS was used to dilute the brain tissue to generate a final 10% (w/v) brain 

homogenate. Brains were homogenised by sequential passage through 18, 20, 22 and 26 

gauge needles and the large particles were cleared by centrifugation at 600 g for 3 minutes. 

The 10% (w/v) brain homogenate supernatants were transferred to clean 1.5 ml screw cap 

tubes and stored at -80 C. The NIH/3T3 and N2a cells were plated in 6-well tissue culture 

plates at the density of 1.0 x 105 cells per well and were left to recover for up to 48 hours. 

M1000 prion infected brain homogenates were diluted to 1% (w/v) with complete Opti-

MEM. The cells were washed with complete Opti-MEM, then added with 600 µl of 1% (w/v) 

prion infected brain homogenate. Non-infected control cells were treated with 600 µl of 1% 

(w/v) non-infected brain homogenate in complete Opti-MEM. After 16 hours, 1.4 ml 

complete Opti-MEM was added to the treated cells. The cells were incubated further for 3 

days, after which the cells were washed 4 times with DPBS and 3 times with complete Opti-

MEM. Cells were then detached by pipetting and transferred into a new 6-well tissue culture 

plate and maintained in complete Opti-MEM, with three times weekly passaging of 1:3 split 

ratio. Uptake of infection was tested at passage six of cells post infection using western 

immunoblotting. 
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2.4 Molecular protocols 

2.4.1 CRISPR/Cas9 plasmid construction 

The CRISPR/Cas9 plasmids targeting miR-29b and miR-146a were constructed based on 

published protocols (611). The gRNAs were designed using the online CRISPR design tool 

(http://crispr.mit.edu); it identifies and ranks gRNA sequences based on the input nucleotide 

sequences and computationally predicts off-target sites for each gRNA. The gRNA sequences 

used in this study include h-miR-29b-cas1, m-miR-29b-cas2, m-miR-29b-cas3 for miR-29b, 

and h-miR-146a-cas1, h-miR-146a-cas2, h-miR-146a-cas3, and m-miR-146a-cas1 for miR-

146a (Table 2.6). gRNA oligonucleotide insertions were prepared through phosphorylating 

and annealing the top and bottom strands of the oligonucleotides, followed by ligation 

reaction to clone the insertions into px458 plasmid (pSpCas9-2A-GFP). Px458 contains 

tracRNA sequences and the sequences encoding SpCas9 nuclease and GFP fluorescence 

protein that can be used to monitor plasmid transfection efficiency. Px458 with no insertions 

was used as the negative control. PlasmidSafe ATP-dependent DNase was used to digest any 

residual linearized DNA in the ligation products. PlasmidSafe treated plasmids were then 

transformed into One Shot Chemically Competent E.coli strain Stbl3, and the colony growth 

was inspected the next day. For each construction, two or three colonies were picked to check 

for the correct insertion of the gRNAs. DNA sequencing was performed for the validation of 

successful insertions using U6 forward primer (U6-F) (Table 2.4).  

 

Primers Sequences (5' - 3') 
U6-F GAGGGCCTATTTCCCATGATTCC 
h-miR-29b-1-F CTTCAGGAAGCTGGTTTC 
h-miR-29b-1-R CTCCTAAAACACTGATTT 
h-miR-29b-2-F CTTCTGGAAGCTGGTTTC 
h-miR-29b-2-R CTCCTAAAACACTGATTT 
h-miR-29a-F ATGACTGATTTCTTTTGGT 
h-miR-29a-R ATAACCGATTTCAGATGG 
h-miR-29c-F ATCTCTTACACAGGCTGA 
h-miR-29c-R TCCCCCTACATCATAACC 
m-miR-29b-1-F AGGAAGCTGGTTTCATAT 
m-miR-29b-1-R AGAACACTGATTTCAAAT 
pmirGLO-F CATTAAGGCCAAGAAGGGCG  
Prnp-Luc-F GGGAGGCCTTCCTGCTTGTTC 
TgmiR-146a-F ACCAGCAGTCCTCTTGATGC 
TgmiR-146a-R AATCCAACATGACTCCCTCC 

Table 2.4 Primers used for DNA sequencing. 
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2.4.2 Luciferase reporter plasmid and mutant construction 

Two types of Luciferase reporters were used in this study. pmirGLO Dual-Luciferase vector 

was used to clone the regions containing the predicted binding sequences of miR-29b on App 

3’ UTR (App-sense, App-antisense) and mutated sequences (App-mut-sense, App-mut-

antisense) (Table 2.6); the insertions were verified using DNA sequencing with primer 

pmirGLO-F (Table 2.4).  

 

Luciferase reporter vector pEZX-MT-06 containing the whole 3’ UTR length of Ppp2ca 

(pEZX-MT-06 Ppp2ca) and Prnp (pEZX-MT-06 Prnp) were purchased from GeneCopoeia 

(Table 2.2). Site directed mutagenesis was performed to introduce mutations on the predicted 

binding sites of miR-146a on Prnp 3’ UTR, using oligonucleotides Prnp-mut1 and Prnp-mut2 

containing the desired sequences (Table 2.6). The mutagenesis was performed using 

QuickChange Site-Directed Mutagenesis kit. Briefly, Prnp-mut1 and Prnp-mut2 

oligonucleotides including both sense and antisense strands, were diluted to the working 

concentration of 100 ng/µl; 10 ng of pEZX-MT06 Prnp plasmid and 125 ng of the sense and 

antisense oligonucleotides were used in each reaction. PCR conditions were set according to 

the manufacturer’s instructions, with a melting temperature of 95 ℃, an annealing 

temperature of 60 ℃, and a 12 minutes extension stage at 68 ℃. PCR reactions were digested 

with 10 units of the restriction enzyme Dpn1 for 1 hour at 37 ℃ to digest the original input 

DNA, following which the DNA was precipitated. Mutagenesis reactions were mixed with 

2.5 volumes of 95% ethanol and 1/10 volume of 3 M sodium acetate (pH 4.6), and then 

stored at -20 ℃ overnight. The reactions were centrifuged at 16,000 g and the pellets were 

washed in 70% ethanol. Pellets were air dried and then resuspended in 10 µl of nuclease-free 

dH2O. Prnp-Luc-F primer was used to validate the introduced mutations through DNA 

sequencing (Table 2.4). 

 

2.4.3 Transformation of plasmid into competent cells 

DNA constructs were transformed into either the DH5α strain of E.coli for Luciferase 

reporter constructs or One Shot Chemically competent Stbl3 cells for CRISPR/Cas9 

constructs. Briefly, 2 µl DNA construct was mixed with 100 µl of DH5α cells or 30 µl of 

Stbl3 cells and incubated for 30 minutes on ice. The bacteria-DNA mixture was incubated at 

42 °C for 30 seconds, and then placed on ice for a further 2 minutes. The bacteria were 

allowed to recover by incubating in LB media for 1 hour at 37 °C with orbital shaking at 200 
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rpm. Cells were collected by centrifugation at 5,000 g for 5 minutes in room temperature, the 

bacterial pellets were resuspended in 100 µl LB and plated onto LB-ampicillin agar plates 

and allowed to grow in a 37°C incubator overnight. One or two bacterial colonies were 

picked from each plate and cultured in LB for plasmid amplification. 

 

2.4.4 Mini- and midi-preparation of plasmid DNA 

For mini-scale DNA amplification, the bacterial colonies were picked from LB-agar plates 

and used to inoculate 5 ml LB media containing 100 µg/ml ampicillin in a 50 ml Falcon tube, 

and grown for 16 hours at 37 °C in a shaking incubator at 150 rpm. Plasmid DNA was 

extracted from 2 ml of bacterial culture using the Wizard Plus SV Miniprep Kit, according to 

manufacturer’s instructions, and eluted into a sterile 1.7 ml microtube using 100 µl nuclease-

free dH2O.  

 

For midi-scale preparation of plasmid DNA, a sterile yellow pipette tip was used to transfer a 

small scraping of frozen bacterial glycerol stock into 100 ml LB media containing 100 μg/ml 

ampicillin using aseptic technique, in a 500 ml conical flask, and the mixture was incubated 

for 16 hours at 37 °C in a shaking incubator at 150 rpm. Plasmid DNA was isolated from the 

bacterial culture using the PureYield Plasmid Midiprep System and a vacuum manifold, 

according to manufacturer’s instructions, and eluted using 600 µl nuclease-free dH2O. The 

plasmid DNA concentrations were determined using BioSpec-nano spectrophotometer, and 

then stored at -20 °C until use. 

 

2.4.5 Agorose gel electrophoresis and DNA clean-up 

2% (w/v) agarose DNA gels were made by dissolving 3 g of agarose powder in 150 ml of 1 x 

TAE buffer. 15 µl SYBR Safe DNA Stain was added to the solution and mixed well, the 

solution was then poured into a gel tank to set. Agarose gels were placed in a gel 

electrophoresis tank and immersed in 1 x TAE buffer. 6 x DNA Loading Buffer was added to 

sample DNA and the samples were then loaded into the wells of the agarose gel. 1 kb DNA 

ladder was loaded on the sides as reference for the molecular weight of the PCR products. 

Electrophoresis was performed at 100 V for 1 hour, and the DNA was visualised by 

UltraBright LED transilluminator and the images were taken on G:BOX Gel Doc System. 
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The gel clean-up was performed using the Wizard SV gel and PCR clean-up system. Briefly, 

following electrophoresis, DNA band was excised from the gel and placed in a 1.5 ml 

microcentrifuge tube. 10 µl of membrane binding solution per 10 mg of gel slice was added 

to the tube and incubated at 50-65 °C until the gel slice was completely dissolved. The 

dissolved gel mixture was transferred to the mini-column assembly and incubated for 1 

minute at room temperature then centrifuged at 16,000 g for 1 minute. The flowthrough was 

discarded and the mini-column membrane was washed twice. The DNA was eluted using 50 

µl of nuclease-free dH2O into a new 1.5 ml tube. The DNA concentration was measured 

using BioSpec-nano spectrophotometer and the DNA was stored at -20°C until use. 

 

2.4.6 Surveyor assay 

The cells transfected with the CRISPR/Cas9 plasmids were collected and pelleted down, and 

500 µl QuickExtract DNA extraction solution was added to the tube to resuspend the pellet. 

The tubes were mixed by vortexing for 15 seconds and then transferred to 65 °C heating 

block for 6 minutes. The samples were vortex mixed for 15 seconds and the tubes then 

incubated at 98 °C for 2 minutes. The genomic DNA concentration of each sample was 

measured using BioSpec-nano spectrophotometer. DNA was then stored at -20 °C, or -70 °C 

for long term storage. The Surveyor assay was performed using Surveyor Mutation Detection 

Kit according to the manufacturer’s instructions. Briefly, the genomic DNA was normalised 

to a final concentration of 100-200 ng/µl with ddH2O. To make up 50 µl PCR reaction buffer, 

add 10 µl of 5 x Herculase II PCR buffer, 1 µl of 100 mM dNTP, 1 µl of Herculase II fusion 

polymerase, 2 µl of 25 mM MgCl2, and 1 µl of each Surveyor forward and reverse primer (10 

µM), 1 µl DNA template, and 33 µl ddH2O.  

 

The PCR was performed with the following cycling conditions: denature at 95 °C for 2 

minutes; denature at 95 °C for 20 seconds, anneal at 60 °C for 20 seconds, and extend at 72 

°C for 30 seconds; repeat the cycle for 30 times; extend at 72 °C for 3 minutes. 2-5 µl of the 

PCR products were electrophoresed on a 1% (w/v) agarose gel to check for single-band 

products. The PCR bands were purified using DNA clean-up procedure (section 2.4.5) and 

the eluted product normalised to 20 ng/µl. The annealing reaction was set up containing 2 µl 

of 10 x Taq PCR buffer and 18 µl normalized PCR product. Annealling was completed by 

using the following conditions: hold at 95 °C for 10 minutes, decrease to 85 °C at a speed of 

2 °C per second, hold at 85 °C for 1 minute, then slowly decrease to 4 °C at a speed of 0.3 °C 
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per second, and hold at 75 °C, 65 °C, 55 °C, 45 °C, 35 °C, 25 °C for 1 minute each 

temperature respectively; holding at 4 °C for the next step. On ice, the Surveyor assay 

components were mixed, including 20 µl annealed heteroduplex, 2.5 µl of 0.15 M MgCl2, 0.5 

µl ddH2O, 1 µl Surveyor nuclease S, and 1 µl Surveyor enhancer S. The mixture was 

vortexed prior to incubate the reaction at 42 °C for 30 minutes. Surveyor nuclease digestion 

products were visualized on a 2% (w/v) agarose gel using UltraBright LED transilluminator 

and images were taken on G:BOX Gel Doc System. 

 

2.4.7 DNA sequencing 

For plasmid DNA sequencing, 100 ng of DNA plasmids and 1 µl of 10 µM primer were 

prepared. Primers U6-F, pmirGLO-F, Prnp-Luc-F were used for sequencing the 

CRISPR/Cas9 construct insertions, pmirGLO-App constructs, and pEZX-MT-06 Prnp and 

mutants respectively (Table 2.4). For PCR products, each fragment was washed in 70% 

ethanol and dried before being submitted for DNA sequencing. The DNA sequencing was 

performed at the Applied Genetic Diagnosis group (Department of Pathology, University of 

Melbourne) and at the Australian Genome Research Facility (AGRF). Sequences were 

viewed and aligned against the control sequences on the Geneious software. 

 

2.4.8 Luciferase reporter assay  

To test the binding between miR-29b and App, pmirGLO-App and pmirGLO-App-mutant 

constructs were co-transfected with miR-29b mimics respectively, in 96-well plates. The 

HEK293T cells were plated at a density of 1.0 x 104 cells per well in 96-well plates the day 

before transfection. 100 ng of DNA, and 3 pmol of miR-29b mimics were co-transfected 

using Lipofectamine 3000 Transfection Reagent without using P3000 reagent. Five or six 

replicates were set for each sample in each experiment. 48 hours later, cells were analysed for 

luciferase signal using Dual-Glo luciferase assay kit. Briefly, 75 µl of Dual-Glo reagent was 

added to each well and mixed. The samples were incubated at room temperature for at least 

10 minutes before measuring the Firefly luminescence in the CLARIOstar luminometer. 75 

µl of Dual-Glo Stop & Glo reagent was added to each well and mixed. The reaction was 

incubated for at least 10 minutes before measuring the Renilla luminescence. The ratio of 

Firefly/Renilla luminescence was calculated for each well, and the mean value of the 

replicates was calculated and normalized to the control value. 
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miR-29b mimics were co-transfected with pEZX-Ppp2ca to test the binding of miR-29b to 

Ppp2ca 3’ UTR. For identifying the binding of miR-146a to Prnp 3’ UTR, miR-146a mimics 

were co-transfected with pEZX-Prnp and pEZX-Prnp-mut respectively into HEK293T cells, 

as previously described in section 2.3.3. After 48 hours of transfection, the Luc-Pair Dual-

Luciferase assay kit was used to test the luciferase luminescence. Briefly, the cells were 

washed using DPBS and the rinse solution was completely removed before applying Lysis 

buffer. 20 µl of 1 x Luc-Lysis II Buffer was added to each well and the plate was incubated 

on a rocking platform for 10-15 minutes at room temperature. The cell lysis samples were 

aliquoted into a 96-well white plate, and 100 µl of FLuc Assay Working Solution was added 

to each well and mixed. The Firefly luminescence was read using the CLARIOstar 

luminometer. 100 µl of RLuc Working Solution was added to each well and mixed. The 

Renilla luminescence signal was then read and the ratio of luminescence from the Firefly 

luciferase to the Renilla luciferase was calculated. The mean values of the replicates were 

calculated and normalized to the values of the control well. 

 

2.4.9 Genotyping of miR-146a transgenic mice 

Mice ear clip samples were placed in 1.5 ml tubes and 495 µl of tail DNA extraction buffer 

was added along with 5 µl of 10 mg/ml Proteinase K. The tubes were vortexed and incubated 

at 55 ℃ overnight on a heating block. Lysates were vortexed and centrifuged for 5 minutes at 

1,000 rpm to pellet hair and debris. The supernatant was then transferred to new sterile tubes, 

and 500 µl isopropanol was added and the mixture was incubated for 5 minutes at room 

temperature. The tubes were inverted 10 times to precipitate the DNA, followed by 

centrifugation at maximum speed for 5 minutes to remove the supernatant. The precipitate 

was then washed with 80% (v/v) ethanol and spun down again. The DNA pellets were air 

dried for approximately 15 minutes at room temperature and resuspended in 50 µl nuclease-

free dH2O. The samples were stored at 4 or -20 ℃ until ready for PCR analysis. Primers 

TgmiR-146a-F and TgmiR-146a-R used for genotyping were listed in Table 2.4. The PCR 

was performed under the following conditions:  95 ℃ for 30 seconds; 95 ℃ for 30 seconds, 51 

℃ for 1 minute, 68 ℃ for 1 minute; repeat the step for 30 cycles; 68 ℃ for 5 minutes; hold at 4 

℃. After the completion of the PCR reaction, the samples were run on a 2% (w/v) agarose gel 

and visualised as per described in section 2.4.5. Expected PCR product size for miR-146a 

knockout mice is 380 base pairs (bp), while it is 500 bp for wildtype mice.  
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2.4.10 RNA extraction 

RNA extraction was performed using QIAzol lysis buffer and RNeasy RNA isolation kit 

according to manufacturer’s instructions. The cells were pelleted by centrifugation at 2,500 g 

for 2 minutes. 700 µl QIAzol lysis buffer was added to the tube and mixed. The tube 

containing the lysate was incubated at room temperature for 5 minutes. Then in the fume 

hood, 140 µl chloroform was added to the tube and the tube was capped securely and shaked 

vigorously for 15 seconds. The tube containing the complex was incubated at room 

temperature for 2-3 minutes, and centrifuged for 15 minutes at 12,000 g at 4 °C. The upper 

aqueous phase was transferred to a new collection tube. 1.5 volumes of 100% ethanol was 

added and mixed thoroughly by pipetting up and down several times. The sample, including 

any precipitate that may have formed, was applied onto an RNeasy Mini spin column in a 2 

ml collection tube, and then centrifuged at ≥ 8,000 g for 15 seconds at room temperature. 

After discarding the flowthrough, 500 µl of Buffer RPE was applied onto the RNeasy Mini 

spin column. The column was then centrifuged for 15 seconds at ≥ 8,000 g to wash the 

column, before discarding the flowthrough. A further 500 µl Buffer RPE was added to the 

RNeasy Mini spin column. The RNeasy Mini spin column was centrifuged for 2 minutes at ≥ 

8,000 g to dry the RNeasy Mini spin column membrane before it was transferred to a new 1.5 

ml collection tube. 30-50 µl RNase-free dH2O was added directly onto the RNeasy Mini spin 

column membrane, before centrifugation for 1 minute at ≥ 8,000 g to elute the RNA. The 

RNA concentration was determined using the BioSpec-nano Spectrophotometer and the RNA 

samples were stored at -20 ℃ until use. 

 

2.4.11 Quantitative Real-Time PCR (qRT-PCR) 

qRT-PCR was used to detect the miRNA and gene expression level changes. miRNA 

expression assays were performed using TaqMan MicroRNA Reverse Transcription Kit, 

miRNA primers (Table 2.5), and TaqMan Fast Advanced Master Mix. For gene expression 

assays, High-Capacity cDNA Reverse Transcription Kit, gene primers (Table 2.5), and Fast 

Advanced Master Mix were used. The miRNA primers used include those for miR-29b/a/c, 

miR-146a, let-7b, miR-9, miR-16, miR-128a, miR-181b, miR-342 and U6 (Table 2.5). The 

gene primers used include those for Prnp, App, Bace1, Sp1, Ppp2ca, Traf6, Actb, and Gapdh 

for mouse species, PRNP, APP, BACE1, SP1, ACTB, GAPDH for human species (Table 

2.5). 
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Table 2.5 Applied Biosystems primers for miRNA (A) and gene (B) expression assays in qRT-

PCR.  

 

For cDNA synthesis, up to 2 µg of total RNA per 20 µl reaction was used. The 2 x reverse 

transcription master mix was prepared by combining 2 µl of 10 x RT buffer, 0.8 µl of 25 x 

dNTP mix (100 mM), 2 µl of 10 x RT random primers, 1 µl of reverse transcriptase, and 3.2 

µl of nuclease-free dH2O, according to manufacturer’s instructions. RNA samples and 2 x RT 

master mix were added to 200 µl PCR tubes at the 1:1 ratio. The reverse transcription 

reaction was performed on the thermal cycler at the following conditions: 25 ℃ for 10 

minutes, 37 ℃ for 120 minutes, 85 ℃ for 5 minutes, 4 ℃ for holding. For miRNA reverse 

transcription, 1-10 ng of total RNA per 15 µl reaction was used. The reverse transcription 

master mix for one reaction was prepared by combining 0.15 µl of 100 mM dNTPs, 1 µl of 

reverse transcriptase, 1.5 µl of 10 x reverse transcription buffer, 0.19 µl of RNase inhibitor 

and 4.16 µl of nuclease-free dH2O, according to manufacturer’s instructions. 3 µl of 5 x RT 

primer and 5 µl RNA sample were added to the mix. The samples were loaded into 200 µl 

PCR reaction tubes and briefly spun. On the thermal cycler, the reverse transcription was 

performed according to the following conditions: 16 ℃ for 30 minutes, 42 ℃ for 30 minutes, 

85 ℃ for 5 minutes, and 4 ℃ for holding. 

 

For the qRT-PCR reaction, the PCR reaction mix was prepared by combining 5 µl of 2 x Fast 

Advanced Master Mix, 0.5 µl of 20 x miRNA/gene primers, 0.5 µl of cDNA template from 

reverse transcription, and 4 µl of nuclease-free dH2O. The samples were added onto 96-well 

A B 
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plate and centrifuged at 4,000 g for 5 minutes. The PCR reaction was run on ViiA7 Real-

Time PCR machine at the following conditions: 95 ℃ for 20 seconds; 40 cycles of 95 ℃ for 1 

second, 60 ℃ for 20 seconds; 4 ℃ for holding. After finishing the PCR reaction, the 96-well 

plate was discarded, the running files were exported from Viia7 machine, and the expression 

level changes of the miRNAs/genes were analysed on Microsoft excel and GraphPad Prism 7 

software. 

 

Table 2.6 Oligonucleotides used for construction of CRISPR/Cas9 plasmids, luciferase reporters 

and mutants. 

 

 

2.4.12 DNA/RNA/small RNA fragment analysis using the Bioanalyzer 

For accurate analysis of DNA, RNA and small RNA fragments, Bioanalyser chip contains an 

interconnected set of micro-channels for separation of nucleic acid fragments based on their 

sizes as they are driven through the micro-channels electrophoretically; the DNA 1000 kit, 
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RNA 6000 Nano kit, RNA 6000 Pico kit and Small RNA kit are designed for accurate 

analysis of DNA, total RNA, fragmented and small RNA fragments, respectively.  

 

For accurate determination of DNA concentration using the DNA 1000 kit, the total DNA in 

samples must be between 0.1-50 ng/µl. The DNA dye concentrate and DNA gel matrix were 

allowed to equilibrate to room temperature for 30 minutes, while the Chip Priming Station 

was set up. The DNA dye concentrate was vortexed before adding 25 µl of the dye to a DNA 

gel matrix vial, which was mixed and transferred to a spin filter. The spin filter was 

centrifuged at 2,240 g for 15 minutes. The gel-dye mix was allowed to equilibrate to room 

temperature for 30 minutes before use. A new DNA chip is then placed on the chip priming 

station and 9 µl of gel-dye mix added in the wells marked. The chip was then primed using 

the priming station according to manufacturer’s instructions. The chip priming station was 

then opened before 9 µl of gel-dye mix was again added in the wells marked. 5 µl of marker 

was loaded into all 12 sample wells and ladder well. 1 µl of DNA ladder was loaded in the 

wells marked. In each of the 12 sample wells, 1 µl of sample was loaded. 1 µl of de-ionized 

ddH2O was loaded in extra wells. The chip was then placed horizontally in the adapter and 

vortexed for 1 minute at 2,400 rpm. The chip was then run in the Agilent 2100 Bioanalyzer 

within 5 minutes. RNA 6000 Nano kit, RNA 6000 Pico kit and Small RNA kit were used in a 

similar manner with minor modifications according to manufacturer’s instructions. The 

Agilent 2100 Bioanalyzer electrode was cleaned before and after each use using RNase-free 

ddH2O, and cleaned weekly using RNaseZAP. 

 

2.4.13 mRNA library construction and RNA deep sequencing  

Total RNA was extracted from the cell samples using RNeasy RNA extraction Kit and the 

concentration and quality were determined using Bioanalyzer RNA 6000 Kit. The mRNA 

library construction of the samples was performed using NEBNext mRNA Library Prep 

Master Mix Set for Illumina, according to manufacturer’s instructions. Briefly, 250 ng of 

purified RNA was fragmented and purified using Agencourt RNAClean XP beads. The yield 

and size distribution of the fragmented mRNA were analysed using an RNA Pico chip. Then 

the first and second strand DNA was synthesized and purified using 1.8 x Agencourt AMPure 

XP beads. End repair of the cDNA library and purification of library was performed. After 

dA-tailing of the cDNA library, the adaptors were ligated to each sample library and purified 

using beads. Adaptor-ligated DNA library was size selected using beads in the following 
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step. PCR was then performed to enrich the adaptor ligated cDNA library, the PCR products 

were purified and the quality assessed on 2100 Bioanalyzer using DNA 1000 kit. The mRNA 

library should show a narrow distribution with a peak size approximately 270 bp. RNA deep 

sequencing was performed with 2 x 150 bp paired end reading method on Illumina NextSeq 

platform at AgriBio in La Trobe University. 

 

 

2.5 Western Immunoblotting 

2.5.1 Cell lysis 

All lysis procedures were carried out on ice with ice-cold reagents. Cells were pelleted down 

in 1.5 ml tubes by centrifugation at 2,500 g for 2.5 minutes and washed in PBS. The cells 

were then resuspended in protein lysis buffer containing complete protease inhibitor. Cells 

were lysed on ice for 20 minutes, with vortex every 5 minutes, and then transferred into 1.5 

ml tubes and stored on ice for immediate use or stored at -20 C until use. 

 

2.5.2 Measurement of total protein concentration using BCA assay 

Total protein concentrations of cell lysates were determined using the Bicinchoninic Acid 

(BCA) protein assay kit. Bovine serum albumin (BSA) standards ranging in concentration 

from 25 to 2,000 µg/ml were prepared in protein lysis buffer, without protease cocktail 

inhibitors, and plated in triplicate with 25 µl per well into a clear 96-well colorimetric plate. 

Triplicates of cell lysates from each sample were diluted at the ratio of 1:10 and plated. The 

BCA working reagent, comprised of 50 parts Buffer A and 1 part Buffer B, was prepared just 

prior to use and 200 µl was aliquoted to each well. The plate was then incubated for 30 

minutes at 37 C. A CLARIOstar luminometer was then used to measure the absorbance at 

562 nm (A562nm) of each well. Absorbance values of the BSA standards were used to generate 

a standard curve, from which the concentrations of unknown samples were calculated.  

 

2.5.3 Protein precipitation 

Based on BCA assays, 30 µg total protein from each sample were aliquoted into 1.5 ml tubes 

and 4 x volume of ice cold methanol was added accordingly. The samples were vortexed 

briefly, and then stored overnight at -20 C, or for at least 1 hour at -80 ℃. Protein 

precipitates were pelleted by centrifugation at 16,000 g for 15 minutes at room temperature, 

and the supernatant was removed. Samples were then centrifuged briefly and any remaining 
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methanol containing supernatant was removed. Samples were resuspended with 20 µl of 1 x 

SDS-PAGE sample buffer containing 1 x protein loading buffer, and vortexed for 1 minute. 

The samples were then heated for 10 minutes at 100 C, and then centrifuged at 10,000 g for 

2 minutes prior to SDS-PAGE analysis.  

 

2.5.4 SDS-PAGE 

SDS-PAGE was performed using 4-12% NuPAGE Novex Bis-Tris precast gels in an XCell 

SuperLock tank with 1 x NuPAGE MES SDS running buffer. Samples and protein ladder 

were loaded into wells and electrophoresis was performed at a constant 170 V for 1 hour or 

until the dye front reaches the bottom of the gel. 

 

2.5.5 Immunoblotting 

Filter paper and filter pads were soaked in 1 x Transfer Buffer prior to use. 0.45 µm 

polyvinylidene fluoride (PVDF) Immobilon-P membranes were prepared by soaking in 

methanol. SDS-PAGE gels were removed from the gel cassette and the stacking gel was 

discarded. The gel was then sandwiched against PVDF between filter paper and filter pads 

within a transfer cassette. Proteins were transferred from the SDS-PAGE gel onto the PVDF 

membrane by electrical transfer in a Criterion gel tank, submerged in cold 1 x Transfer Buffer 

and an ice pack, at 100 V for 1 hour at 4 C or on ice. 

 

Membranes were then removed from the transfer apparatus and blocked with either 5% (w/v) 

skim milk powder in PBST or TBS SuperBlock buffer, depending on the primary antibody to 

be used. Membranes were blocked for 1 hour at room temperature on the rocking machine. 

Membranes were then probed with primary and secondary antibodies. After incubation, 

washes were performed for 30 minutes in PBST, with PBST being renewed every 10 

minutes. Blots were developed by incubating with ECLPlus and detection of the 

chemiluminescent signal was performed using ChemiDoc Imaging system. The primary and 

secondary antibodies used in this study were listed in Table 2.7. 
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Table 2.7 Primary and secondary antibodies used in western immunoblotting. 

 

 

2.5.6 Stripping of PVDF membranes 

PVDF membranes were soaked in dH2O or PBST briefly on the rocking machine to remove 

the ECLPlus solution. The membranes were then incubated with Stripping Buffer for 10 

minutes at room temperature on rocking machine. Membranes were then thoroughly rinsed 

and washed in dH2O to remove all traces of hydrochloric acid, followed by blocking as 

previously described for the primary antibody to be used. 

 

2.5.7 BCA assay and proteinase K digestion of prion samples 

The sample preparation, methanol precipitation, SDS-PAGE and immunoblotting were all 

carried out in prion infectious material certified facility. Cell pellets and lysates were 

processed in 1.5 ml clear screw cap tubes. For BCA assay of potential prion infectious 

samples, an adhesive transparent film was used to cover the 96-well plate to avoid 

contaminating the plate reader. The used 96-well plate was decontaminated using 2 M NaOH 

for 6 hours and discarded according to prion infectious material handling guidelines. For PK 

treatment, 100 µg protein was combined with lysis buffer to reach a final volume of 40 µl, to 

which 10 µl PK (125 µg/ml) was added to achieve a final PK concentration of 25 µg/ml. 

Samples were incubated for 1 hour at 37 C. Proteolysis was terminated upon addition of 2 µl 

of 100 mM PMSF followed by incubation for 5 minutes on ice. Samples were subjected to 

methanol precipitation, and analysed by SDS-PAGE and immunoblotting as per previously 
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described, in prion material handling certified room. Blot membranes were incubated with 

ECLPlus and sealed in transparent film and developed using ChemiDoc Imaging system; the 

membrane and film were disposed accordingly in prion facility. 

 

 

2.6 miRNA target prediction 

miRNA target prediction was performed by uploading the names of miRNAs or candidate 

targets in databases, including www.microrna.org, TargetScan and miRTarBase. Database 

www.microrna.org provides information on potential miRNA targets with the predicted 

downregulation scores, as well as experimentally observed expression patterns of miRNAs 

and their potential targets (529). TargetScan facilitates the prediction of biological targets of 

miRNAs by searching for the presence of conserved sites on target mRNA 3’ UTRs that 

match the seed region of each miRNA (650-652). miRTarBase is a database gathering 

information of experimentally validated miRNA-mRNA interactions (653). The miRNA-

mRNA binding information can be combined and compared between databases as the basis 

for further validation study. 

 

 

2.7 Data Analysis 

2.7.1 RNA deep sequencing data analysis 

The RNA sequencing data were processed and analysed using Partek Flow and Partek 

Genomics Suite. Briefly, the adaptor sequences were trimmed from all reads generated and 

sequences were then aligned to the GRCh38 (Genome Reference Consortium Human Build 

38) (654) for the HeLa cell samples and GRCm38 (Genome Reference Consortium Mouse 

Build 38) (655) for NIH/3T3 cell samples using Bowtie 2 algorithm. Quality control metrics 

for sequence libraries were generated, including sequence yield, alignment, transcript counts, 

and alignment regions. The aligned reads were quantified to transcriptome and gene analysis 

was performed. Aligned reads profiles can also be imported to Partek Genomics Suite, 

quantified and analysed for differential gene expressions (DGEs). Transcripts and differential 

gene expression analysis of the samples can be visualized using three-dimensional PCA plots, 

Hierarchical clustering and Venn diagrams.  
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The built-in tools in Partek Genomics Suite including gene ontology (GO) enrichment and 

Kyoto Encyclopedia of Genes and Genomes (KEGG) were used to group genes based on 

their molecular functions, and to analyse the gene pathways; GO terms and KEGG pathways 

with significance scores of less than 0.05 were used for further references. ConsensusPathDB 

(656) was also used to analyse the pathways of differentially expressed genes (DEGs) in the 

NIH/3T3 and HeLa cell samples, wherein the gene set analysis was performed under over-

representation analysis with significance score less than 0.05. 

 

2.7.2 Immunoblot quantification 

Equal amount of protein was loaded for each sample in each western immunoblotting 

experiment. Western immunoblotting images were visualized and the densitometry was 

performed using ImageJ graphical analysis software. Band density was measured through the 

centre of the band and measurements were exported to and calculations performed in 

Microsoft excel. The density of sample bands was normalised to the density of corresponding 

beta-actin or GAPDH bands, and treatment groups were then further analysed in comparison 

to control groups.  

 

2.7.3 Statistical analysis 

For qRT-PCR, the relative gene/miRNA fold changes against the housekeeping controls were 

calculated using 2-ΔΔCT method (657). For Luciferase reporter assay, the Firefly/Renilla ratio 

was calculated for each well, and normalized against control wells. Statistical analysis for 

western immunoblotting, qRT-PCR, and Luciferase reporter assay was performed using 

GraphPad Prism 7. Data shown were mean values from replicate experiments with the 

standard deviation (SD). The statistical significance tests were performed with paired or 

multiple paired Student’s t-tests to compare each of the sample values against a standardised 

control. 
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CHAPTER 3 - CRISPR/CAS9 MEDIATED MIR-29B AND MIR-

146A KNOCKDOWN REVEALS NOVEL MIRNA 

REGULATION PATTERNS  

 

3.1 Introduction 

Distinct miRNA signatures including miR-29b and miR-146a have been detected in various 

biological fluids and tissues from a diverse variety of physiological processes and disease 

models (section 1.2.9 and 1.3.5), and the miRNAs have demonstrated their abilities in 

regulating the protein and mRNA targets thus facilitating their functional roles in these 

processes (section 1.4.3 and 1.5.3). However, it is not clear and under investigated whether 

miRNAs have cell type specific regulation networks in different cellular environments and 

species in non-disease status. It is thus of great significance to characterize the regulation 

patterns of the miRNAs in various cell lines, which will not only reveal the novel targets and 

pathways of the miRNAs, but also identify the cell type specific regulatory network that may 

contribute to the distinct roles of the miRNAs in different pathologies. The current available 

miRNA loss-of-function methods (section 1.6.2) do not allow the permanent downregulation 

of miRNA, which is critical for characterising miRNA regulation network to avoid the sharp 

decrease effect of the miRNA. Therefore, in this chapter, CRISPR/Cas9 gene editing will be 

utilized to stably knockdown miR-29b and miR-146a in various human and mouse non-

disease cell lines; the off-target effect of miRNA knockdown will be assessed through qRT-

PCR, DNA sequencing, Surveyor assay, and transcriptome deep sequencing. The regulatory 

networks of miR-29b will be analysed and compared between cell lines through analysing 

transcriptome deep sequencing data. The effect of miR-146a knockdown on global miRNA 

expressions will be assessed using miRNA expression assays and compared between cell 

lines. Taken together, this study will provide the first characterisation of the regulatory 

patterns of miR-29b and miR-146a in different cellular environments and species, which will 

reveal the novel potential miRNA targets involved in different physiological and pathological 

processes, including prion disease pathogenesis. 

 

3.1.1 miRNA editing using the CRISPR/Cas9 technology 

CRISPR/Cas9 is emerging as a novel tool to knockdown miRNAs in vitro and in vivo (658). 

miRNA transcripts are much shorter than normal genes, adding difficulties to CRISPR 
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mediated miRNA editing due to the less available gRNAs with high specificity. However, 

there have been studies reporting successful editing of miRNAs using CRISPR/Cas9 system. 

The miRNA clusters on chromosome 9 containing six miRNA genes were deleted in 

zebrafish embryos using CRISPR/Cas9 gene editing (659). miR-21 and miR-30a were 

successfully downregulated by the CRISPR/Cas9 system induced single cuts at the loop 

region of pre-miRNAs (660). miR-21 and miR-29a were also edited with over 90% reduction 

in human HEK293 cells (661). Disruption of pre-miR-21 sequences using CRISPR/Cas9 

gene editing inhibited cell proliferation, migration and invasion and upregulated the 

expression levels of miR-21 targets PDCD4 and SPRY2 in ovarian cancer cells (662). 

CRISPR/Cas9 mediated depletion of miR-210-3p can promote tumorigenesis through 

upregulating its target Twist-related protein 1 (TWIST1) in renal cell carcinoma (663). In 

pluripotent stem cells, CRISPR/Cas9 mediated knockdown of miR-451 with HDR repair 

donor led to impaired erythrocyte development of the cells. miR-17 and miR-141 were stably 

knocked down in human HCT-116 cells, as well as in mice (658).  

 

CRISPR/Cas9 technologies have been applied to reveal novel miRNA binding sites. Using 

dCas9 guided chromatin immunoprecipitation targeting the promoter region of imprinted 

insulin-like growth factor II (IGF2), miR-483 was identified to bind to the most upstream of 

IGF2 promoter and induced IGF2 expression, which accelerated tumor cell proliferation, 

migration and invasion (666). CRISPR/Cas9 gene editing was also used to study the miRNA-

target interactions in vivo by targeting the miRNA binding region on the 3’ UTR of the target 

gene; this method can an effective substitute of the luciferase reporter assay to determine the 

interactions between miRNAs and their targets (667, 668). By constructing miRNA 

complementary sequences in the 5’ UTR of Cas9 mRNA, the miRNA responsive CRISPR 

switch could control the genome editing activity of Cas9 by sensing the endogenous miRNA 

levels, resulting in cell type specific genome editing (669).  

 

3.1.2 miR-29b targets and functions 

The validated targets of miR-29b in cell cycle, apoptosis and associated tumorigenesis 

include: CDK6 (cell cycle dependent kinase 6), which is responsible for retinoblastoma (Rb) 

protein phosphorylation, in acute myeloid leukemia (AML) (462), mantel cell lymphoma 

(MCL) (495) and in cervical carcinogenesis (489); MCL-1, the anti-apoptotic BCL-2 family 

member, in malignant cholangiocarcinoma cells (462, 491, 499); BCL-2 in hepatocellular 
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carcinoma (491); TCL1, the coactivator of Akt oncoprotein, in transduction of anti-apoptotic 

signals in B and T cells (500, 501); p85α and cell division cycle 42 (CDC42), two inhibitors 

of p53, in apoptosis (502); progranulin in osteoarthritis (504); ABL1 protein in K562 cancer 

cells (520); T-bet and Eomes in lymphocyte development in AML (517).  

 

In cell differentiation, miR-29b targets Tet1 (496), TGF-β3, Acvr2a, Ctnnbip1 and Dusp2 

(490), and histone deacetylase 4 (HDAC4), a key inhibitor of muscle differentiation (497). 

miR-29b regulates cell proliferation through targeting menin, Wnt co-receptor LRP6, and 

RNA-binding protein HuR in intestinal epithelium homeostasis (671, 672). In cellular 

senescence and DNA damage, miR-29b targets Ppm1d phosphatase (479), oncogene b-Myb 

(498), LAMC1, FBN, BMP1, ADAM12, and NKIRAS2 (506). miR-29b is also involved in 

epigenetic modulation of DNA methylation, through targeting DNA methylatransferase 

DNMT3a and DNMT3b (523). 

 

miR-29b is a critical regulator of ECM proteins and signalling pathways associated with 

fibrosis in organs (466, 478, 490, 505), via targeting collagens, fibrillins, and elastin (466). 

miR-29b directly targets JAK3 and MCL-1 in immune dysfunction (515, 516). In 

neurodegeneration, miR-29b-BACE1 pathway is involved in AD (450), brain development, 

primary neuronal cultures, and spinocerebellar ataxia 17 (528). miR-29b is also negatively 

correlated with SP1 in AD (451). miR-29b has been reported to regulate progranulin in 

frontotemporal dementia (530). These multiple targets of miR-29b involved in various 

physiological and pathological processes constitute the complicated miR-29b regulation 

network, and also provide references for revealing miR-29b targets and regulatory pathways 

in this study. 
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3.2 Aims 

A robust miRNA loss-of-function method is to be established to reveal the novel targets and 

pathways of miR-29b and miR-146a in human and mouse cell lines. It is to be examined 

whether miRNA shows cell type specific regulation patterns that may underlie the distinct 

roles of the miRNAs in different pathologies.  

 

Three specific aims are included in this chapter: 

Aim 1: To knockdown miR-29b using CRISPR/Cas9 gene editing and to assess the off-target 

effects. 

Aim 2: To examine the transcriptome profile changes following miR-29b knockdown and to 

analyse the novel targets and pathways of miR-29b. 

Aim 3: To knockdown miR-146a expression using CRISPR/Cas9 gene editing and to assess 

its effect on global miRNA profiles. 
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3.3 Results 

3.3.1 CRISPR/Cas9 mediated miR-29b knockdown in NIH/3T3 and HeLa 

cells 

3.3.1.1 Cell lines selection 

Knockdown of a gene/miRNA is preferable in cell lines expressing high levels of the 

endogenous genes. Using qRT-PCR, the endogenous expression levels of miR-29b was 

detected in various cell lines, including human neuroblastoma cells SH-SY5Y, human 

embryonic kidney cells HEK293T, human cervical cancer cells HeLa, mouse neuronal cells 

N2a and mouse fibroblast cells NIH/3T3. U6 was used as the housekeeping control for 

miRNA expressions in all qRT-PCR experiments. Human HeLa cells and mouse N2a, 

NIH/3T3 cells exhibited high expression levels of miR-29b, whereas SH-SY5Y cells 

displayed the lowest level of miR-29b (Figure 3.1). N2a and NIH/3T3 cells are also 

susceptible to prion infection (673, 674), thus they can be used as in vitro models to study 

prion disease. NIH/3T3 cells and HeLa cells were selected as the mouse and human cell lines 

respectively to test miR-29b knockdown using CRISPR/Cas9 engineering, and to compare 

the regulation patterns of miR-29b in different species. 

 

 

 

Figure 3.1 Endogenous miR-29b was expressed at high levels in HeLa, N2a and NIH/3T3 cells. 

qRT-PCR detection of endogenous miR-29b expression in human SH-SY5Y, HEK293T, HeLa cells, 

and in mouse N2a and NIH/3T3 cells. The expression levels of miR-29b in various cell lines were 

normalized to miRNA housekeeping control - U6, and SH-SY5Y cells, which displayed the lowest 

expression level of miR-29b. Data shown represent the mean change with standard deviation (SD) 

from three experiments. Statistical analysis was carried out using multiple Student’s t-test, ** p < 

0.01, *** p < 0.001, **** p < 0.0001, N = 3. N: number of experiments. 
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3.3.1.2 Design of gRNAs targeting the miR-29b gene 

Mature miR-29b is transcribed from two genome loci in both human and mouse species 

(457). miR-29b gRNAs were designed by submitting the whole length of miR-29b gene 

sequences, including hsa-mir-29b-1, hsa-mir-29b-2, mmu-mir-29b-1 and mmu-mir-29b-2, to 

the design website http://crispr.mit.edu. The gRNAs were presented with their nucleotide 

sequences, the localizations on the gene loci, quality scores, numbers of predicted off-targets 

and ‘in-gene’ off-targets. The gRNA off-targets prediction was based on the mismatches 

between the sequences of gRNA and the off-target genes. When the gRNA and mature 

miRNA share sequence similarities, the predicted off-targets are likely to be the actual targets 

of the miRNA based on the miRNA-target recognition mechanism - complementary base 

pairing (675). Four gRNAs, h-cas1, m-cas1, m-cas2 and m-cas3 were selected for miR-29b 

editing (Figure 3.2 A). Human gRNA1 (h-cas1) can target the 5’ end of hsa-mir-29b-1 gene 

with the protospacer adjacent motif (PAM) sequence of TGG; it is predicted to have 322 off-

targets, with 32 of them coding for genes (Figure 3.2). Mouse gRNA1 (m-cas1) targeting 

mmu-mir-29b-1 gene has the same nucleotide sequences to h-cas1; it can target the 5’ end of 

mmu-mir-29b-1, with 23 potential ‘in-gene’ off-targets out of 307 predicted off-targets 

(Figure 3.2). Mouse gRNA2 (m-cas2) and gRNA3 (m-cas3) were designed to target mmu-

mir-29b-2 gene at the 5’ end of the sequences, with potential ‘in-gene’ off-targets of 31 and 

34, respectively (Figure 3.2).  

 

The gRNAs h-cas1, m-cas1, m-cas2 and m-cas3 was inserted into CRISPR plasmid px458 

respectively; the reconstructed plasmids were termed h-cas1, m-cas1, m-cas2 and m-cas3 for 

future reference. The blank px458 vector was used as the cell transfection control. 
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Figure 3.2 miR-29b gRNAs targeting hsa-mir-29b and mmu-mir-29b. (A) The gRNAs were 

designed by submitting the whole length of hsa-mir-29b-1, mmu-mir-29b-1 and mmu-mir-29b-2 

sequences to the gRNA design website http://crispr.mit.edu. The gRNA quality score was calculated 

based on the number of potential off-targets and the number of ‘in-gene’ off-targets. (B) The gRNAs 

h-cas1, m-cas1, m-cas2 and m-cas3 locations, sequences and their PAMs were shown on the whole 

length sequences of hsa-mir-29b-1, mmu-mir-29b-1, mmu-mir-29b-2, respectively. PAM: protospacer 

adjacent motif. 

 

 

3.3.1.3 Stable miR-29b knockdown in NIH/3T3 cells 

NIH/3T3 cells were first used to detect and optimize the transfection efficiency of CRISPR 

plasmids. The cells were plated at a density of 1.5 x 105 cells per well (12-well plate) the day 

before transfection, reaching approximately 80% confluence prior to transfection. M-cas1, m-

cas2, m-cas3 and px458 non-targeting transfection control were transfected into NIH/3T3 

cells using Lipofectamine 3000 transfection reagents according to manufacturer’s 

instructions. At 24 hrs and 48 hrs post transfection, the transfected cells were monitored for 

green fluorescent protein (GFP) signals, which reflect the percentage of cells expressing 

CRISPR plasmids (Figure 3.3 A). Approximately 15% of NIH/3T3 cells transfected with m-

cas1, m-cas2, m-cas3 and px458 exhibited GFP signals compared to the untransfected cells 

(Figure 3.3 A). Cells were collected at 48 hrs post transfection and processed for RNA 
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extraction. qRT-PCR was used to detect the expression levels of miR-29b in all cell groups 

(Figure 3.3 B). No significant changes in miR-29b levels between m-cas1/2/3 and px458 

transfected cells were detected (Figure 3.3 B), potentially due to the low transfection 

efficiency of CRISPR plasmids in the NIH/3T3 cells.  

 

 

 

Figure 3.3 No significant miR-29b expression level changes were detected following CRISPR 

plasmids transfection. CRISPR/Cas9 plasmids (m-cas1, m-cas2 and m-cas3) targeting the miR-29b 

gene were transiently transfected into NIH/3T3 cells after optimizing transfection conditions. (A) 

About 15% of cells exhibited GFP signals at 48 hrs post transfection in CRISPR transfected cells 

compared with untransfected blank cells; the bright field image demonstrated the cell density when 

GFP signals were detected. (B) The expression levels of miR-29b from m-cas1/2/3 transfected cells 

displayed no significant changes compared with the control px458 group. Data shown represent the 

mean change with SD from three experiments. Statistical analysis was performed using Student’s t-

test, p > 0.05, N = 3.  

 

 

To increase the percentage of cells expressing CRISPR plasmids following transfection, 

FACS was used to isolate cells with high GFP or low GFP signals at 48 hours post-

transfection following m-cas1, m-cas2 and m-cas3 transfection respectively (Figure 3.4 A). 
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High GFP and low GFP gates were termed as P5 and P6 respectively in this setting. The cells 

were collected and lysed for RNA extraction. qRT-PCR showed that miR-29b expression 

levels were significantly decreased in cell groups with high GFP signals, including cas1-H-

GFP, cas2-H-GFP, compared to cell groups with low GFP signals and px458 group (Figure 

3.4 B); cas3-H-GFP also exhibited lower expression level of miR-29b compared to px458 

(Figure 3.4 B), suggesting that CRISPR mediated editing of mmu-mir-29b is effective at 

downregulating miR-29b. To obtain cells with stable miR-29b downregulation, FACS was 

further used to isolate single cells for cell clone culture. 

 

 

Figure 3.4 miR-29b was decreased in the cell groups with high GFP signals compared to cells 

with low GFP signals. (A) FACS was used to isolate cells transfected with m-cas1, m-cas2, m-cas3 

and px458 plasmids into high GFP groups (P5 GFP+) and low GFP groups (P6 GFP-), based on the 

GFP signal strength. (B) qRT-PCR demonstrated that miR-29b expression levels are significantly 

lower in high GFP groups in m-cas1 and m-cas2 compared to low GFP groups; high GFP group from 

m-cas3 also displayed lower miR-29b expression level compared to px458. The data shown represent 

the mean change with SD from three experiments. Statistical analysis was performed using multiple 

Student’s t-test, * p < 0.05, ** p < 0.01, N = 3. SSC-A: side-scattered light area. 

 

 

To isolate single cells for cell clone culture, NIH/3T3 cells were transfected with m-cas1, m-

cas2, and m-cas3, respectively, with px458 as the transfection control, as per previously 

described. At 48 hrs post-transfection, single cells with high GFP signals were isolated using 

FACS and collected into 96-well plates for further culture, with each well containing one 

single cell. After continuous incubation, eight single cells were grown into cell clones, 

including cas1-1, cas1-2, cas2-1, cas2-2, cas2-3, cas3-1, cas3-2 and cas3-3; they were further 
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transferred into 6-well plates for expanded culture. RNA content from these cells were 

collected and miR-29b expression levels were detected using qRT-PCR. It was shown that 

clones cas1-1, cas1-2, cas2-1 and cas2-2 exhibited more than 50% decrease of miR-29b 

compared to px458 control; the expression levels of miR-29b in clones cas2-3, cas3-1, cas3-2 

and cas3-3 were similar to or higher than px458 (Figure 3.5 A). These data demonstrated that 

miR-29b was efficiently downregulated in NIH/3T3 cells by gRNAs m-cas1 and m-cas2 

targeting mmu-mir-29b-1 and mmu-mir-29b-2, respectively; m-cas3 designed for targeting 

mmu-mir-29b-2 failed to downregulate mature miR-29b.  

 

 

 

Figure 3.5 miR-29b was stably downregulated in NIH/3T3 single cell clones. FACS was used to 

collect single cells into 96-well plate for clone culture. Cell clones were collected for (A) qRT-PCR 

detection of miR-29b levels and (B) Surveyor assay detecting the mutations on miR-29b gene loci. 

(A) Significant downregulation of miR-29b was found in clones cas1-1, cas1-2, cas2-1 and cas2-2 

compared to the px458 control. No downregulation was detected in clones cas2-3, cas3-1, cas3-2 and 

cas3-3. Data shown represent mean change with SD from more than three times of sample collections. 

miR-29b expression level was normalized to U6. Statistical analysis was performed using Student’s t-

test, * p < 0.05, *** p < 0.001, **** p < 0.0001, N ≥ 3. (B) Mutations were detected on mmu-mir-

29b-1 gene in clones cas1-1, cas1-2, cas2-1 and cas2-2; mmu-mir-29b-2 displayed mutations in clones 

cas2-1, cas2-2, cas3-1, cas3-2 and cas3-3. 

 

 

The CRISPR editing of miR-29b by m-cas1/2/3 was based on the non-homologous end 

joining (NHEJ) mediated repair on the nucleotide sequences of mmu-mir-29b-1 and mmu-
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mir-29b-2, resulting in insertions, deletions, or/and mutations of the gene sequences (611); 

Surveyor assay is used to detect the CRISPR/Cas9 editing induced nucleotide changes (676). 

The assay utilizes the genomic DNA from the heterogeneous population of CRISPR targeted 

cells, which are amplified by PCR; amplicons are reannealed slowly to generate 

heteroduplexes, which are cleaved by the Surveyor nuclease, whereas homoduplexes are left 

intact (676). Surveyor assay was performed using primers spanning the miR-29b gene loci in 

all cell clones (Figure 3.5 B). When detecting the changes on mmu-mir-29b-1, the px458 

control displayed a single band, whereas two or more bands were shown in clones cas1-1, 

cas1-2, cas2-1 and cas2-2 (Figure 3.5 B). Only single bands were observed in clones cas2-3, 

cas3-1, cas3-2 and cas3-3 (Figure 3.5 B), indicating that m-cas1 and m-cas2 effectively 

targeted mmu-mir-29b-1 gene and induced deletions or insertions on the gene sequences. M-

cas3 failed to induce changes on mmu-mir-29b-1 gene and on mature miR-29b expressions. 

For the other miR-29b coding gene mmu-mir-29b-2, clones cas1-1 and cas1-2 displayed 

mostly single bands with the same sizes (Figure 3.5 B); multiple bands with increased sizes 

were shown in clones cas2-1 and cas2-2 (Figure 3.5 B), indicating the insertions on mmu-

mir-29b-2 gene. Clones cas3-1, cas3-2 and cas3-3 exhibited multiple bands of mmu-mir-29b-

2 gene (Figure 3.5 B), however, no mature miR-29b changes were observed using qRT-PCR 

(Figure 3.5 A). These data showed that gRNA m-cas1 is sufficient and specific at 

downregulating miR-29b expression, via interrupting mmu-mir-29b-1 nucleotide sequences; 

m-cas2 also induced miR-29b downregulation through interrupting both mmu-mir-29b-1 and 

mmu-mir-29b-2 genes, indicating the non-specificity but high efficiency of the gRNA m-cas2 

at editing miR-29b; m-cas3 did not induce any cleavage on mmu-mir-29b-1 gene, while 

insertions or deletions were observed on mmu-mir-29b-2 sequences, suggesting that gRNA 

m-cas3 is specific at targeting, although no mature miR-29b changes were induced by this 

gRNA. This phenomenon may be due to that the mmu-mir-29b-1 gene generates more mature 

miR-29b than mmu-mir-29b-2 gene. Indeed, an experiment amplifying the fragment 

encompassing miR-29a/miR-29b-1 cluster demonstrated that they are co-transcribed as a 

polycistronic primary transcript (470). In contrast, miR-29b-2/miR-29c cluster primary 

transcript or mature miR-29c were not detected, indicating that miR-29b likely derives 

exclusively from the miR-29a/miR-29b-1 cluster (470). The disruptions of miR-29b 

nucleotide sequences were random because of the NHEJ repair mechanism, leading to the 

different resultant gene sequences and various expression levels of mature miR-29b in the 

cell clones.  
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3.3.1.4 Stable miR-29b knockdown in HeLa cell clones 

The same methodology of miR-29b editing in NIH/3T3 cells was applied to human HeLa 

cells to get single cell clones with stable miR-29b knockdown. CRISPR constructs h-cas1 and 

px458 were transfected into HeLa cells with the seeding density of 1.5 x 105 cells per well 

(12-well plates). The cells transfection was performed as per previously described; cells 

treated with transfection reagents only were used as the blank control for monitoring the GFP 

signals of h-cas1 and px458 transfected cells. At 48 hrs post transfection, approximately 25% 

of cells transfected with h-cas1 displayed GFP signals compared to blank group cells (Figure 

3.6 A). FACS was then performed to collect single cells from the P4 group cells into 96-well 

plates for cell clones culture (Figure 3.6 B). Four cell clones, including cas1-1, cas1-2, cas1-3 

and cas1-4, were examined for miR-29b expression levels using qRT-PCR. It was 

demonstrated that all four clones displayed highly efficient knockdown of miR-29b compared 

to px458 cells (Figure 3.7 A); clones cas1-2 and cas1-4 exhibited almost complete knockout 

of miR-29b (Figure 3.7 A), suggesting that the CRISPR mediated miR-29b knockdown using 

gRNA h-cas1 is highly effective. 

 

Surveyor assays examining the cleavage of hsa-mir-29b-1 gene revealed the nucleotide 

sequences changes caused by h-cas1 guided CRISPR editing (Figure 3.7 B). Px458 displayed 

a single band of hsa-mir-29b-1 gene, while two or more bands were shown in all HeLa clones 

with miR-29b knockdown (Figure 3.7 B); bands with increased sizes indicate the nucleotides 

insertions on hsa-mir-29b-1 sequences (Figure 3.7 B); the variations among the clones 

indicate the random sequence changes mediated through NHEJ repair pathway following 

Cas9 nuclease cleavage (Figure 3.7 B). DNA sequencing was used to detect the nucleotide 

changes on the hsa-mir-29b-1 sequences using the PCR products of all clones (Figure 3.7 C). 

Clones cas1-1, cas1-2, cas1-3 and cas1-4 displayed nucleotides insertions of 67 base pairs 

(bp), 202 bp, 123 bp and 67 bp, respectively (Figure 3.7 C); minor insertions or deletions 

were detected in the lower bands of the clones (Figure 3.7 C). These data suggest that the 

mature miR-29b downregulation is caused by the disruption of nucleotide sequences of hsa-

mir-29b gene in HeLa cells. 
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Figure 3.6 Isolation of single cells expressing h-cas1 in HeLa cells. CRISPR constructs cas1 and 

px458 were transfected into HeLa cells respectively. (A) The GFP signals of px458, cas1 and 

untransfected control were detected at 48 hrs post transfection. The bright field images showed the 

cell densities when images were taken. (B) Single cells from P4 group were collected into 96-well 

plate for clone culture using FACS. FITC-A: fluorescein isothiocyanate area. SSC-A: side-scattered 

light area.  
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Figure 3.7 miR-29b was stably downregulated in HeLa cells. (A) qRT-PCR showing that miR-29b 

levels were significantly downregulated in HeLa clones cas1-1, cas1-2, cas1-3 and cas1-4, compared 

to px458. U6 was used as the miRNA housekeeping control. Data shown represent the mean change 

with SD from three times of sample collection. Statistical analysis was performed using Student’s t-

test. *** p < 0.001, **** p < 0.0001, N = 3. (B) Surveyor assay showed mutations on hsa-mir-29b-1 

gene in HeLa clones. (C) DNA sequencing data displayed the nucleotide changes in all the clones. 

The upper bands of the four clones displayed insertions of 67 base pairs (bp), 202 bp, 123 bp and 67 

bp, respectively. The lower bands displayed minor insertions or deletions. Only partial sequences of 

hsa-mir-29b-1 gene were displayed.  
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3.3.1.5 Off-target effect of miR-29b knockdown in NIH/3T3 and HeLa cells 

3.3.1.5.1 miR-29b knockdown decreased mature miR-29a and miR-29c expression levels  

To determine whether the miR-29b knockdown mediated by CRISPR/Cas9 editing affects the 

expression levels of other miR-29b family members, miR-29a and miR-29c, in NIH/3T3 

clones, qRT-PCR and Surveyor assay were used to detect the expression level changes of the 

mature miR-29a and miR-29c, as well as their coding genes mmu-mir-29a and mmu-mir-29c. 

Mature miR-29a and miR-29c expressions were shown to be significantly decreased in clones 

cas1-1, cas1-2, cas2-1, cas2-2 and cas2-3, compared to px458 (Figure 3.8 A). The 

downregulation of miR-29a and miR-29c in clone cas2-3 was to a much less extent compared 

to other clones (Figure 3.8 A); this is in accordance with the insignificant miR-29b 

knockdown in clone cas2-3. No size changes were observed in mmu-mir-29a gene (Figure 

3.8 B), implying that the mature miR-29a level changes were not due to the disruption of 

mmu-mir-29a nucleotide sequences. There was a mild increase in the size of mmu-mir-29c 

gene in clone cas2-3, which displayed no downregulation of mature miR-29b (Figure 3.8 B), 

indicating the potential off-target effect of gRNA m-cas2 on mmu-mir-29c gene; no changes 

on mmu-mir-29c gene were observed in the other clones (Figure 3.8 B). These data suggest 

that the effective knockdown of miR-29b by gRNAs m-cas1 and m-cas2 in NIH/3T3 clones 

did not induce the nucleotide changes of other miR-29b family members, including mmu-

mir-29a and mmu-mir-29c; however, the expression levels of mature miR-29a and miR-29c 

were significantly decreased. Since mmu-mir-29b-1 and mmu-mir-29a genes are only 

separated by a few hundred nucleotides, and reside as a miRNA cluster on the chromosome 6 

and share the same promoters (450), disruptions in the nucleotides sequences of mmu-mir-

29b-1 and mmu-mir-29b-2 genes may cause changes in the secondary or tertiary structures of 

mmu-mir-29a and mmu-mir-29c genes (677), and affect the promoter functions regulating 

miRNA transcriptions (440), which potentially contribute to the downregulation of mature 

miR-29a and miR-29c expression levels; the same mechanism applies to mmu-mir-29b-2 and 

mmu-mir-29c gene cluster. 
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Figure 3.8 miR-29b knockdown decreased mature miR-29a/c levels, but did not change miR-

29a/c genome sequences in NIH/3T3 cells. (A) qRT-PCR assay showed that mature miR-29a and 

miR-29c levels were significantly downregulated in clones cas1-1, cas1-2, cas2-1 and cas2-2 

compared to px458. The data shown represent the mean change with SD from three times of sample 

collection. Statistical analysis was performed using Student’s t-test. * p < 0.05, ** p < 0.01, **** p < 

0.0001, N = 3. (B) Surveyor assays detecting the changes in the nucleotide sequences of mmu-mir-

29a and mmu-mir-29c genes. No changes were detected on mmu-mir-29a gene among the clones; the 

size of mmu-mir-29c gene was increased in clone cas2-3.  

 
 
 
In HeLa cell clones, gRNA h-cas1 was used to target hsa-mir-29b-1 gene (Figure 3.1), thus 

generating less mature miR-29b. To determine the effect of miR-29b knockdown on the other 

family members, qRT-PCR was performed to detect the expression levels of mature miR-29a 

and miR-29c, Surveyor assay and DNA sequencing were used to detect the nucleotide 

changes of hsa-mir-29b-2, hsa-mir-29a and hsa-mir-29c genes. Mature miR-29a and miR-29c 

were significantly decreased compared to px458 in the HeLa clones (Figure 3.9 A); no 

nucleotides changes were observed in has-mir-29b-2, has-mir-29a and has-mir-29c genes in 

all clones (Figure 3.9 B and C). These data demonstrated that gRNA h-cas1 targeting at hsa-

mir-29b-1 gene is highly specific and effective at downregulating miR-29b. The decreased 

expression levels of mature miR-29a and miR-29c are potentially caused by similar 

mechanisms to that stated in the case of NIH/3T3 clones: disruption in the sequences of hsa-
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mir-29b-1 gene changed the tertiary structures of hsa-mir-29a and hsa-mir-29c genes and 

affected the their promoter functions (440, 677), thus affecting the miRNA gene transcription 

and mature miR-29a and miR-29c generation. 

 
Figure 3.9 miR-29b knockdown did not change the nucleotide sequences of hsa-mir-29b-2 and 

hsa-mir-29a/c, but decreased the mature miR-29a/c levels in HeLa cells. (A) qRT-PCR was used 

to detect the downregulation of mature miR-29a and miR-29c levels in all four HeLa clones. Data 

shown represent the mean change with SD from three experiments. Statistical analysis was performed 

using Student’s t-test. * p < 0.05, *** p < 0.001, **** p < 0.0001, N = 3. (B) Surveyor assay showed 

no significant cleavage on hsa-mir-29b-1/a/c gene sequences. (B) DNA sequencing displayed no 

nucleotide changes on the genome loci of hsa-mir-29b2/a/c.  



93 
 

3.3.1.5.2 miR-29b knockdown caused minimum changes of predicted off-targets 

The gRNAs used for miR-29b editing were also predicted to potentially have a list of ‘off 

target’ genes based on the mismatches between the genes and the gRNA sequences, 

according to the gRNA design website (http://crispr.mit.edu) (Figure 3.1 A). For gRNA h-

cas1, there are 32 off-targets predicted to be located inside gene coding sites (Table 3.2); for 

gRNAs m-cas1 and m-cas2, 23 and 31 ‘in-gene’ off-targets were predicted (Table 3.1). It is 

worth noting that, the predicted gRNA off-targets are also likely to be targeted by the mature 

miR-29b, its family members miR-29a/c, as well as miR-29a*/b*/c*, due to the sequence 

similarities among the gRNAs and the mature miRNAs (675). 

 

To determine whether these potential ‘in-gene’ off-targets were affected by the knockdown of 

miR-29b, transcriptome RNA deep sequencing was performed in both NIH/3T3 and HeLa 

clones. Differential gene expression (DGE) assays were performed on genes with over 20 

reads using Partek Flow and Partek Genomics Suite programs. Expression data of clones 

cas1-1, cas1-2, cas2-1 and cas2-2 from the NIH/3T3 clones, and clones cas1-1, cas1-2, cas1-3 

and cas1-4 from the HeLa clones, were compared to their px458 control groups, respectively; 

DGE data with p value less than 0.05 were used for further analysis.  

 

In NIH/3T3 clones, gRNAs m-cas1 and m-cas2 was predicted to have 23 and 31 ‘in-gene’ 

off-targets respectively (Figure 3.1.A) (Table 3.1). Mmu-mir-29b-2 gene was one of the off-

targets for m-cas1 gRNA, with two mismatches on its nucleotide sequences compared to 

gRNA m-cas1 (Table 3.1 A); mmu-mir-29b-1 gene displayed two mismatches from m-cas2 

gRNA sequences at sites 1 and 16 (Table 3.1 B). Due to the sequence similarities between the 

two gRNAs, some of the off-targets were shared between m-cas1 and m-cas2 (Figure 3.1). 

Among the predicted off-target genes, Vil1, Cdkl1, Celf2, Vamp1 and Otop1 were predicted 

to have binding sites for miR-29a* in their 3’ UTRs (Table 3.1); Cacna1d, Zfp786, Il21r, and 

Npr3 can potentially be targeted by miR-29b*, while Clasp1, St8sia1 and Tnpo3 are likely to 

be targeted by both miR-29a* and miR-29b*; miR-29c* has predicted binding sites in the 3’ 

UTR of Mrpl1 and Lrrc2 (Table 3.1). This is potentially due to that the gRNAs were designed 

to target the 5’ end of mmu-mir-29b-1 and mmu-mir-29b-2 genes (Figure 3.1 A), which 

partially overlap with the seed sequences of miR-29a*/b*/c*, and therefore share sequence 

similarities.  
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From the data analysis of the off-targets for gRNA m-cas1, four genes including Celf2, 

Tmem147, Fkbp1a and Kdelr2 were found to have over 20 transcript reads for DEG analysis 

(Figure 3.10 A). Celf2 and Tmem147 both have 4 mismatches compared with the m-cas1 

gRNA sequence, and were shown to increase significantly in clone cas1-2, while no changes 

were detected in other clones compared to px458 (Figure 3.10 A). Kdelr2 was slightly 

upregulated in clone cas1-1 compared to px458 (Figure 3.10 A); Fkbp1a was significantly 

downregulated in all the clones (Figure 3.10 A), and it was predicted to be targeted by miR-

29a/b/c (Table 3.1 A), implying a positive correlation between miR-29b and Fkbp1a. For the 

off-targets of gRNA m-cas2, Slc7a11 and Mrpl1 were upregulated in clone cas1-2, while no 

changes were detected in other clones compared to px458 (Figure 3.10 B); these two genes 

were also predicted to be targeted by miR-29b (Table 3.1). Flna, with 4 mismatches at sites 7, 

12, 18, and 20 respectively, was increased in clones cas2-1 and cas2-2 compared to the px458 

control (Figure 3.10 B). These data demonstrated that a large part of the predicted gRNA off-

targets have potential binding sites for miR-29a*/b*/c*, which share sequence similarities 

with the gRNAs themselves; most of these genes were expressed at such low levels that 

cannot be detected; a few genes including Celf2, Tmem147, Scl7a11 and Mrpl17 exhibited 

clone cas1-2 specific expression level changes (Figure 3.10), probably due to the large miR-

29b knockdown extent in clone cas1-2 compared to other clones. Fkbp1a is the only gene that 

was downregulated in all the NIH/3T3 clones compared to px458 (Figure 3.10 A); it was also 

predicted to be targeted by miR-29b (Table 3.1 A), implying that Fkbp1a is a novel miR-29b 

target in NIH/3T3 cells. 
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Table 3.1 Predicted off-targets for gRNAs m-cas1 and m-cas2 in NIH/3T3 cells. The prediction of 

potential off-targets of m-cas1 (A) and m-cas2 (B) is based on the sequence mismatches between the 

off-targets and the gRNAs.  
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Figure 3.10 Predicted off-target Fkbp1a was downregulated in all NIH/3T3 clones. Differential 

gene expression (DGE) assays were performed on genes with over 20 reads and p value less than 

0.05. (A) Among the off-targets predicted for gRNA m-cas1, only Celf2, Tmem147, Fkbp1a and 

Kdelr2 were differentially expressed among the clones. Celf2 and Tmem147 were increased in clone 

cas1-2 compared to the control, while no difference were observed among other clones; Fkbp1a was 

decreased in all clones, whereas Kdelr2 showed either increase or decrease in clones compared to the 

control. (B) Among the off-targets predicted for gRNA m-cas2, Slc7a11, Mrpl17 and Flna were 

differentially expressed. Slc7a11 and Mrpl17 were significant upregulated in clone cas1-2, while no 

changes were detected in other clones. Flna was upregulated in clones cas2-1 and cas2-2, and no 

changes were found in other clones. Four technical replicates were used in each cell clone. 

 

 

In the HeLa cell clones, 32 genes were predicted to be the off-targets of gRNA h-cas1 (Table 

3.2). Hsa-mir-29b-2 gene is shown to have two mismatches on its sequences compared to that 

of gRNA h-cas1 (Table 3.2), therefore it has a high risk of being affected by h-cas1 mediated 

miR-29b editing. A number of genes, including EFR3A, GTF2IRD1, ALKBH3, DTL, 

TOR1AIP2, TROAP, WDR59, SORL1, H3F3B, DLGAP4, TFCP2L1, TAF2, PPM1F, 

MLLT6, CELF2, SELE, RPS6KA5, TET2, CNTNAP3, CNTNAP3B and JAK1, were 

predicted to having binding sites for miR-29a*, b*, c*, a, b, and/or c (Table 3.2). From RNA 

sequencing data analysis, H3F3B and JAK1 were the only two ‘off-targets’ that were 

dysregulated in all four HeLa clones compared to px458 (Figure 3.11). The nucleotide 

sequences of H3F3B are shown to have 3 mismatches compared to the sequences of gRNA h-

cas1, at sites 8, 18 and 19 respectively; JAK1 has 4 mismatches at sites 3, 13, 14 and 16 

respectively compared with h-cas1 sequence (Table 3.2); H3F3B and JAK1 were predicted to 

be targeted by miR-29a* and miR-29a*/b*, respectively (Table 3.2). However, due to the low 

expression level of * miRNAs, upregulated H3F3B and JAK1 were potentially mainly caused 

by miR-29b knockdown, via the binding of miR-29b in the mRNAs coding region or 5’ UTR, 

or through intermediate regulators. These data indicate that most predicted off-targets were 
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not affected by miR-29b knockdown; the gRNA h-cas1 mediated hsa-mir-29b-1 editing is 

highly specific; H3F3B and JAK1 are potential novel targets of miR-29b in HeLa cells. 

 

 

 

Table 3.2 Predicted off-targets for gRNA h-cas1 in HeLa cells. The prediction was based on the 

sequence mismatches of the genes compared to gRNA h-cas1. 

 

 

 

Figure 3.11 Predicted off-targets H3F3B and JAK1 were upregulated in HeLa clones. 

Differential gene expression (DGE) assay was performed on genes with over 20 transcript reads, p 

value was less than 0.05. Four technical replicates were used in each cell clone.  
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3.3.2 Gene profile changes reveal novel miR-29b regulatory pathways 

To examine the functions of miR-29b in NIH/3T3 cells and HeLa cells, and compare the 

regulatory network of miR-29b in these two cellular environments, differential gene 

expression (DGE) analysis was performed in miR-29b knockdown clones, which will expand 

the functional scope and network of miR-29b and reveal other potential pathways of miR-

29b. DGEs were analysed using Partek Genome Suite program. Px458 was used as the 

normalization control in both cell lines.  

 

3.3.2.1 Novel targets and pathways of miR-29b in NIH/3T3 cells  

In NIH/3T3 cells, there are 120, 271, 139 and 117 genes with over 1.5 fold changes detected 

in clones cas1-1, cas1-2, cas2-1 and cas2-2, respectively, compared to px458 (Figure 3.12 A). 

23 genes were found to be dysregulated among all clones compared to px458, including 

upregulated Col6a1, Col6a2, Cst3, F3, 2410006H16, Ywhag, Canx, Ppp2ca, Serpinh1 and 

Saa3, and downregulated Ybx1, Mt2, S100a10, S100a11, Fkbp1a, Anxa5, Tubb4b, Tuba1b, 

Tagln2, Tubb6, Bgn, Lrp1, and Fbln2 (Figure 3.12 B). 

 

 

 

Figure 3.12 Differential expressed genes (DEGs) following miR-29b knockdown in 3T3 clones. 

RNA deep sequencing was performed in 3T3 clones, with four technical replicates used for each 

sample, and px458 group as the control. DGEs assay was performed using Partek Genome Suite 

platform, with p value set as less than 0.05. (A) The Venn diagram displayed the numbers of DEGs in 

all clones compared to px458. 23 genes were overlapped from all clones. (B) Heatmap showing the 

expression levels of overlapped genes across all cell clones.  



99 
 

The miRNA target prediction database www.microrna.org was used to assess if these DEGs 

were targeted by miR-29b in their 3’ UTRs; mirSVR score represents the effect of a miRNA 

on target downregulation, combining both non-canonical and non-conservative binding sites; 

a lower value represents a strong repression from miRNA on the target (382). PhastCons 

score is the conservative score for the target and binding sites among species (529). Among 

these genes, upregulated Canx, Ppp2ca, 2410006H16, Cst3, Col6a1, and Col6a2 were 

predicted to have potential binding sites for miR-29b in their 3’ UTRs (Table 3.3 A); 

downregulated Fkbp1a and Ybx1 were also on the list (Table 3.3 A), suggesting that miR-29b 

may function to activate the expression of these two genes. One limitation of miRNA targets 

prediction is that only the 3’ UTR of genes are included; the potential binding sites in the 

coding regions or 5’ UTR are excluded when scanned for miRNA target sites, due to 

technical limitations. 

 

 

 

Table 3.3 DEGs potentially targeted by miR-29b in (A) NIH/3T3 and (B) HeLa cells. The 

prediction was performed using www.microrna.org database (382); mirSVR score represents the 

miRNA downregulation effect on the target combining the non-canonical and non-conservative 

binding sites effect – lower value means stronger miRNA repression (382); PhastCons score is the 

conservative score of the binding sites between miRNA and targets (382). For genes with more than 

one binding sites for miR-29b, the one with lower mirSVR score was shown. 

 

 

ConsensusPathDB website was used to analyse the pathways and gene ontologies (GOs) that 

the differentially expressed genes (DEGs) are involved in (656). The p value cut-off was set 

as 0.05. The DEGs were found to be enriched in pathways such as extracellular matrix 

(ECM) organization, PI3K-Akt signalling pathway, collagen formation, phagosome, and gap 

junction (Table 3.4 A).  
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Col6a1 and Col6a2, two genes encoding for collagen proteins, were upregulated following 

miR-29b knockdown in NIH/3T3 clones (Figure 3.12); they were broadly involved in 

collagen formation and ECM organization (Table 3.4 A). TGF-β and inflammatory signals 

mediated miR-29b downregulation has been shown to mediate fibrosis pathologies via 

upregulating collagen proteins COL1A1, COL5A3 and COL4A2 (478); Col6a1 and Col6a2 

were also potentially targeted by miR-29b in their 3’ UTRs (Table 3.3 A), suggesting that 

they are the potential novel targets of miR-29b in ECM related fibrotic disorders. Decreased 

Fbln2 encodes for an ECM protein that belongs to the fibulin protein family, which is 

distributed abundantly in elastic tissues and can interact with various extracellular ligands in 

calcium-dependent way (678). miR-29b has been shown to target fibrillins and elastin in 

ECM regulations (466), implying Fbln2 as the novel potential regulator in miR-29b-

fibrillins/elastin regulation network. Additionally, miR-29b knockdown induced upregulation 

of Serpinh1 was also involved in the upstream pathways of ECM network – collagen 

biosynthesis (Table 3.4 A). Serpinh1 encoded protein is also called heat shock protein 47 

(HSP47), a collagen binding protein that is localized in endoplasmic reticulum (ER) (679); 

The correlation between miR-29b and Serpinh1 added evidence to the previous study 

showing that miR-29b overexpression reduced collagen biosynthesis by inhibiting Serpinh1 

expression during skin wound healing (680). Bgn is a member of the small leucine rich 

proteoglycan family of proteins; it was decreased following miR-29b downregulation, and 

was implicated in collagen fibril assembly (681). Col6a1, Col6a2, Fbln2, Serpinh1 and Bgn 

are thus revealed as the new potential targets of miR-29b and regulators in ECM associated 

fibrosis. 

 

The gene ontology (GO) analysis revealed, six genes were implicated in the macromolecular 

complex assembly, including Tubb6, Col6a1, Col6a2, Ppp2ca, Tubb4b, Tuba1b (Table 3.4 

B); proteins encoded by Anxa5, Cst3, Canx, Serpinh1 and S100a10 were present in the 

endoplasmic reticulum (ER) (Table 3.4 B). Tuba1b, Tubb6 and Tubb4b encode for tubulin 

proteins that constitute the major part of microtubules (682); they were shown to play 

important roles in phagosome, gap junction and chaperonin mediated protein folding (Table 

3.4 A). Tubb4b was also implicated in unfolded protein binding (683). Calnexin protein 

encoded by Canx can interact with newly synthesized N-linked glycoproteins and facilitates 

protein folding and assembly (684), it was also predicted to be targeted by miR-29b (Table 

3.3 A), suggesting the potential pathway of miR-29b-Canx in microtubules and protein 

assembly regulation. Ppp2ca and Ywhag were potentially regulated by miR-29b in cell 
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growth and differentiation via PI3K-Akt signalling, NF-kB signalling, and Hippo signalling 

pathways (Table 3.4 A); Ppp2ca encodes for protein phosphatase 2A (PP2A), which is 

involved in the negative control of cell growth and division (685, 686); Ywhag, encoding for 

14-3-3 protein, mediates signal transduction by binding to phosphoserine containing proteins 

(687), and mediates cell differentiation (688). Ywhag and Ppp2ca were also involved in the 

mitotic G2 to G2/M phase transitions and oocyte meiosis (689) (Table 3.4 A). S100a10, 

downregulated in NIH/3T3 clones, is involved in cell cycle progression and cell 

differentiation (690, 691); Lrp1, the low density lipoprotein receptor protein 1, is involved in 

calcium signalling and neurotransmission and is required for early embryonic development 

(692, 693). Downregulated Anxa5 is involved in calcium channel activity and signal 

transduction (694, 695), growth and differentiation (696). Therefore, Ppp2ca, Ywhag, 

S100a10, Lrp1 and Anxa5 are implicated as potential downstream effectors of miR-29b in 

regulating cell growth, differentiation and dysregulation associated pathologies. 

 

Fkbp1a, Canx, F3, S100a10, Bgn, Lrp1 and Serpinh1 have been implicated in tumorigenesis. 

They were previously reported to be involved in various cancers, including Fkbp1a in TGF-β 

receptor signalling mediated epithelial to mesenchymal transition (697), Canx, S100a10 and 

Serpinh1 in colorectal cancer (698-700), F3 in lung tumor progression (701), Bgn in 

endometrial cancer (702, 703), and Serpinh1 in glioma angiogenesis (700). Lrp1 is involved 

in clearance of apoptotic cells (704), it can regulate monocyte recruitment and angiogenesis 

in tumorigenesis (705). These novel targets of miR-29b suggest a significant role of miR-29b 

in tumorigenesis and depict a comprehensive network of miR-29b in this pathology. 

 

A few genes are found to be involved in neuronal processes and neurodegeneration. Anxa5, 

Tubb4b, Tuba1b, Fkbp1a, Ywhag, Cst3, Lrp1, Canx and Ppp2ca were detected in neuronal 

cell body from GO enrichment analysis (Table 3.4 B). Lrp1 is implicated in APP and Aβ 

clearance in AD (706, 707); The mutation in Cst3 (Cystatin C) has been revealed to be 

associated with cerebral amyloid angiopathy and Aβ pathway (708). Saa3, encoding for 

serum amyloid A3, is involved in the suppression of LPS-induced tau hyperphosphorylation 

(709), suggesting the important roles of Lrp1, Cst3 and Saa3 in AD pathogenesis. Mt2 

(Metallothionein 2A) receptor can enhance synaptic transmission by activating Akt signalling 

(710); increased Mt2 expression was also observed in prion-infected hamster brains (711). 

Ywhag has been revealed as a diagnostic marker for sporadic CJD (712, 713), implying the 

potential miR-29b pathways involving Mt2 and Ywhag in prion disease. 
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The DEGs are also implicated in immune regulation. F3 is a macrophage marker; S100a10 

can regulate inflammatory response (714) and is involved in chromatin remodelling in 

traumatic stress (715). Anxa5 was reported to attenuate vascular inflammation in mice, as 

well as reduce the inflammation of advanced atherosclerotic lesions in Apoe knockout mice 

(694, 695); adipose tissue biglycan encoded by Bgn acts as a potential anti-inflammatory 

regulator in mice with high fat diet (716); it is also a biomarker of inflammatory renal 

diseases (717, 718). Mt2 acts as anti-oxidant and is important in homeostatic control of metal 

ions and inflammation (719). These studies imply the potential role of miR-29b in regulating 

F3, S100a10, Anxa5, Bgn and Mt2 in immune regulations. 

 

Anxa5 and F3 may play important roles in regulating blood coagulation - hemostasis (Table 

3.4 B). F3, increased following miR-29b knockdown, encodes for coagulation factor III, a 

cell surface glycoprotein that enable cells to initiate blood coagulation cascades (720); Anxa5 

is an anti-coagulant protein that could inhibit wound hemostasis (721, 722). From GO 

analysis, Anxa5, Col6a2, Tuba1b, Fkbp1a, Bgn, Ywhag, Cst3, F3, Ppp2ca, Serpinh1, Col6a1, 

Tubb6, Fbln2, Tubb4b, S100a10, Tagln2 and Ybx1 were also detected in extracellular 

exosomes (Table 3.4 B), suggesting the potential functions of these gene encoded proteins in 

cellular transport and communication through exosomes and their therapeutic potential. 

These findings suggest that miR-29b is a multifunctional miRNA; its function scopes span 

from ECM associated fibrosis and protein assembly regulation, to cell cycle and 

differentiation, cancer pathogenesis, neurodegeneration, immune regulation and hemostasis. 

DEGs localized to exosomes were implicated in their functional interactions with miR-29b in 

extracellular environment, and serve as potential therapeutic targets. 
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Table 3.4 Pathway and gene ontology analysis of DEGs in NIH/3T3 cell clones. 

ConsensusPathDB website was used to perform pathway analysis (A); ConsensusPathDB and Partek 

Genome Suite were used to perform gene ontology analysis (B), p value < 0.05.  

 

 

3.3.2.2 Novel targets and pathways of miR-29b in HeLa cells 

In HeLa cell clones, cas1-1, cas1-2, cas1-3 and cas1-4 were shown to have 60, 285, 204 and 

119 DEGs that have greater than 1.5 fold changes, respectively (Figure 3.13 A). There are 25 

overlapping genes from all four clone groups analysed, including upregulated MT2A, USP1, 

SCL2A3, GNG12, ZRANB2, GNG5, CSDE1, R3F3B, SRSF11, SEP15, SERBP1, CPS1, 

DR1, TXNDC5, RNPS1, FAM136A, LGALS3BP, and downregulated S100A4, EID1, 

RNA45S5, HIST1H2BK, RPL13A, EIF3L, ASS1 (Figure 3.13 B). FAM136A, CPS1, 

SLC2A3, SERBP1, GNG12, CSDE1, DR1, and CCND1 are predicted to having binding sites 

for miR-29b in their 3’ UTRs (Table 3.3 B), implying the potential direct suppression of 

miR-29b on these genes. 
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Figure 3.13 DGEs following miR-29b knockdown in HeLa cell clones. RNA deep sequencing was 

performed in HeLa clones, with px458 group as the control. DGEs assay was performed using Partek 

Genomics Suite platform, with p value <0.05. (A) The Venn diagram displayed the numbers of DGEs 

in each clone compared to px458. 25 genes were overlapped across all clones. (B) Heatmap showing 

the overlapped gene expressions across all cell clones. Four technical replicates were used in each cell 

clone. 

 

 

In HeLa cell clones, the DEGs were found to be involved in protein metabolism, fibrosis, 

calcium and copper regulation, chromatin organization, Wnt and PI3K-Akt signalling, cell 

cycle regulation, cancer, cellular senescence, and immune regulation (Table 3.5 A); they were 

implicated in cellular macromolecular complex assembly, poly (A) RNA binding, and 

cellular response to various stimuli (Table 3.5 B). miR-29b has been reported to sensitize 

cells to apoptosis induced by serum starvation, hypoxia or chemotherapeutic drugs through 

targeting MCL-1 and BCL-2 (499); the multiple genes involved in cellular response to 

various stimuli including bacterium, zinc, glucagon, hormone, and interferon gamma (Table 

3.5 B), may serve as the connecting bridges through which miR-29b plays functional roles in 

apoptosis, growth or inflammation. GNG5 and GNG12 encode for G proteins that are 

involved in Wnt and PI3K-Akt signalling transduction, and cancer pathogenesis (Table 3.5 

A). They have been reported in signal transmissions in potassium channel signalling, 

chemical synapses and chemokine signalling (723). 

 

ASS1 and CPS1 were found to participate in urea cycle and amino acids and derivatives 

metabolism (Table 3.5 A) and have been implicated in cancer; reduced expression of ASS1 
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was shown to have a negative prognostic impact in patients with pancreatic ductal 

adenocarcinoma (724). CPS1 is involved in in cell growth, metabolism and prognosis in 

LKB1-inactivated lung adenocarcinoma (725), suggesting the role of miR-29b in protein 

metabolism and associated tumorigenesis via regulating ASS1 and CPS1. 

 

Cyclin D1 encoding gene, CCND1, was upregulated following miR-29b knockdown in HeLa 

cells (Figure 3.13 B); it was implicated in cell cycle regulation, copper homeostasis, 

chromatin organization, PI3K-Akt and cancer pathways, and can be transcriptionally 

repressed by c-Myc (Table 3.5 A). Cyclin D1 forms a complex with and functions as a 

regulatory subunit of CDK4 and/or CDK6, whose activity is required for the G1/S transition 

of the cell cycle (726-728); overexpression of cyclin D1 via activation of CDK6 by miR-29b 

is also the causative event of mantle cell lymphoma (495). Cyclin D1 was shown to be 

positively regulated by tumor suppressor protein Rb (729), and is also involved in IL-7 

signalling (730) and p53 signalling (731); mutations or dysregulation of cyclin D1 alter cell 

cycle progression, resulting in a variety of tumors (732, 733). CCND1 is also predicted to be 

targeted by miR-29b via its seed sequence (Table 3.3.B), implying the potential miR-29b-

CCND1 regulation pathway in cell cycle, inflammation regulation and tumorigenesis. 

 

H3F3B and HIST1H2BK mRNAs, which encode for histone proteins, were implicated in 

Wnt signalling, meiosis and epigenetic regulation from pathway analysis (Table 3.5 A). The 

role of miR-29b in epigenetic regulation has been reported earlier in DNA methylation 

regulation in early development of female mice and in acute myeloid leukemia (AML), via 

targeting DNMT3A and DNMT3B (524, 734). miR-29b was also reported to target histone 

deacetylase 4 (HDAC4) in myogenic cells and primary muscle cells (735). Mutation of 

H3F3B has been reported as a diagnostic biomarker for giant cell tumor of bone and 

chondroblastoma (736), suggesting the novel pathway of miR-29b-H3F3B in tumorigenesis. 

Another dysregulated gene, USP1, the ubiquitin specific peptidase 1, has a regulatory role in 

proliferation and invasion of human osteosarcoma cells (737). Additionally, H3F3B and 

HIST1H2BK were also implicated in cellular and oxidative stress induced senescence and 

amyloid fibre formation (Table 3.5.A); USP1 can recognize DNA damage by PCNA-

containing replication complex (738), and regulate cellular senescence by controlling 

genomic integrity (739), suggesting the novel roles of miR-29b in cellular senescence 

through regulating H3F3B, HIST1H2BK and USP1. 
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miR-29b overexpression was shown to downregulate JAK3 and MCL-2, leading to immune 

dysfunction (515). The ‘off-target’ JAK1, which was upregulated after miR-29b knockdown 

(Figure 3.11), can phosphorylate STAT proteins, the signal transducers and transcription 

activators, and play key roles in interferon-α, β and γ signals transduction (740); the nuclear 

import of JAK1 is required for the survival of diffuse large B-cell lymphoma (741), 

suggesting that JAK1 may serve as a novel target of miR-29b in immune regulations. GNG12 

is also implicated as a negative regulator of LPS-induced inflammation in the microglial cell 

line (742). MT2A (Mt2 in mouse species) was the only gene that was dysregulated in both 

HeLa and NIH/3T3 clones (Figure 3.12 B) (Figure 3.13 B); it is involved in the response to 

metal ions and its polymorphism has been involved in inflammatory response in diseases 

such as type 2 diabetes and carotid artery stenosis in elderly people (743-745); it has also 

been associated with prion disease (746). These data showed that JAK1, GNG12, and MT2A 

might be potential miR-29b targets in immune regulations. miR-29b was found to regulate 

genes involved in ECM regulation and associated fibrosis in NIH/3T3 cells (Table 3.4 A); in 

HeLa cells, GNG5, GNG12, H3F3B and HIST1H2BK were identified to be associated with 

fibrosis (Table 3.5 A), suggesting the role of miR-29b in fibrosis in different cellular 

environments via regulating distinct targets. 

 

In summary, the DEGs induced by miR-29b knockdown in HeLa cells were broadly involved 

in cellular responses to various stimuli and signalling pathways, which can activate the cells 

to undergo apoptosis or tumorigenesis; genes involved in protein metabolism facilitate miR-

29b functions in cell proliferation and tumorigenesis; the cell cycle key regulator CCND1 is 

widely involved in cell cycle phase transition dysregulation associated tumorigenesis and 

inflammation response; H3F3B and HIST1H2BK are two novel targets of miR-29b that are 

involved in epigenetic regulation and associated pathological processes including cancer and 

senescence; JAK1, GNG12 and MT2A are dysregulated genes that have important roles in 

inflammation and immune regulations, expanding the miR-29b regulatory network in 

immune related disorders. miR-29b downregulation induced distinct gene profiles changes 

between NIH/3T3 and HeLa cells, but these DEGs were shown to be involved in similar 

functions and mechanisms, including fibrosis, cell cycle regulation, cancer, senescence and 

immune regulation. 
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Table 3.5 Pathway and gene ontology analysis of DEGs in HeLa cell clones. ConsensusPathDB 

database was used to perform pathway (A) and gene ontology (B) analysis, with p value less than 

0.05. 
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3.3.3 CRISPR/Cas9 mediated miR-146a knockdown in N2a and HEK293T 

cells 

3.3.3.1 Cell line selection  

N2a cells exhibited a very high expression level of miR-146a (Figure 3.14); the cell line is 

also susceptible to prion infection (747). miR-146a expression level in human HEK293T 

cells was lower than other cell lines tested, including NIH/3T3 cells, N2a cells and Hela cells 

(Figure 3.14); its expression level was similar to that in SH-SY5Y cells, which has moderate 

miR-146a expression level; its ease of transfection made it a suitable human cell line for 

miR-146a gene editing. 

 

 

Figure 3.14 Endogenous miR-146a was highly expressed in HeLa, N2a and NIH/3T3 cells. qRT-

PCR detection of endogenous miR-146a levels in human SH-SY5Y, HEK293T and HeLa cells, and in 

mouse N2a and NIH/3T3 cells. The expression levels of miR-146a were normalized to U6 – the 

miRNA housekeeping control, and SH-SY5Y cells. Data shown represent the mean change with SD 

from three experiments. Statistical analysis was carried out using paired Student’s t-test, *** p < 

0.001, **** p < 0.0001, N = 3. 

 

 

3.3.3.2 Design of miR-146a gRNAs 

The gRNAs targeting miR-146a gene was designed by submitting the whole nucleotide 

sequences of hsa-mir-146a, mmu-mir-146a genes to gRNA design website 

http://crispr.mit.edu. Based on the quality scores of the gRNA sequences and the potential 

off-targets, gRNAs with high quality score (> 50) and less predicted off-targets were chosen 

(Figure 3.15 A). For hsa-mir-146a gene, three gRNAs (h-cas1, h-cas2, h-cas3) were 

demonstrated to have high quality scores and have less than 25 of predicted in-genes off-
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targets, with PAM sequences TGG, TGG, and CGG, respectively (Figure 3.15 B). gRNA h-

cas1 can target the middle area of hsa-mir-146a; gRNA h-cas2 was designed to target the 3’ 

end of the gene locus, while gRNA h-cas3 potentially targets the 5’ end of hsa-mir-146a 

(Figure 3.15 B). For mmu-mir-146a gene, there is only one gRNA with high quality score 

within its nucleotide sequences (Figure 3.15 B). This gRNA – m-cas1 recognizes a PAM 

sequence of AGG, and has 270 potential off-targets, with 24 of them potentially localized in 

gene coding area (Figure 3.15 A). M-cas1 was designed to target the 3’ end of mmu-mir-146a 

(Figure 3.15 B). These gRNAs were inserted into the CRISPR/Cas9 plasmid px458, and were 

termed h-cas1, h-cas2, h-cas3 and m-cas1 for future reference, respectively. 
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Figure 3.15 gRNAs targeting hsa-miR-146a and mmu-mir-146a. (A) These gRNAs were designed 

by submitting the whole length of hsa-mir-146a, mmu-mir-146a genes onto gRNA design website 

http://crispr.mit.edu. The gRNA quality scored was calculated based on the number of potential off-

targets and the number of ‘in genes’ off-targets. (B) The locations, sequences and PAM sequences of 

gRNAs h-cas1, h-cas2, h-cas3 and m-cas1 were shown on the whole length of hsa-mir-146a, mmu-

mir-146a genes, respectively.  
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3.3.3.3 Co-delivery of gRNAs leads to complete knockout of miR-146a in 

HEK293T cells 

Standard transient transfection using Lipofectamine 3000 transfection reagents was 

performed as per previously described. Plasmids h-cas1, h-cas2, h-cas3 were delivered into 

HEK293T cells respectively, with px458 blank plasmids used as the transfection control. 

Since h-cas1, h-cas2 and h-cas3 were designed to target different areas of the hsa-mir-146a 

gene, h-cas1, h-cas2, and h-cas3 were also co-delivered into cells (termed ‘mix’) to determine 

if multiple gRNAs can lead to more efficient miR-146a knockdown. At 48 hours post 

transfection, cells were monitored for the GFP signal strength (Figure 3.16 A). High 

percentages of cells transfected with h-cas1, h-cas2, h-cas3, ‘mix’ and px458 displayed 

strong GFP signals compared with the untransfected cells (Figure 3.16 A). 

 

 

 

Figure 3.16 Isolation of single cells expressing h-cas1, 2, 3 and mix plasmids targeting hsa-mir-

146a gene in HEK293T cells. Plasmids h-cas1, cas2, cas3, a combination of all three mix, and px458 

were transfected into HEK293T cells. (A) The GFP signal of px458, cas1 and untransfected control 

were detected at 48 hrs post transfection. The bright field images showed the corresponding cell 

densities when images were taken. (B) Single cells from P4 group were collected using FACS into 96-

well plate for clone culture. FITC-A: fluorescein isothiocyanate area. SSC-A: side-scattered light area. 
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The transfected cells were subjected to FACS to isolate single cells with strong GFP signal; 

single cells within P4 gate category of FACS setting were collect into 96-well plates, with 

each well containing one single cell (Figure 3.16 B), and cultured for two to three weeks until 

cell clones appeared. The cell clones were transferred to 6-well plates for expanded culture. 

For HEK293T cells, nine single cell clones were obtained, including h1-b1, h1-b3, h1-c11, 

h1-d4, h2-d4, mix-d7, mix-g6, mix-e11 and mix-a7 (Figure 3.17). Clones h1-d4 and h2-d4 

exhibited more than 80% knockdown of miR-146a, whereas all the other clones obtained 

almost complete knockout of miR-146a (Figure 3.17). These data suggest that gRNAs h-cas1 

and h-cas2 were highly effective at downregulating miR-146a expression levels; co-delivery 

of the three gRNAs led to nearly complete knockout of miR-146a in HEK293T cells. 

 

 

 

Figure 3.17 miR-146a was stably downregulated in HEK293T single cell clones. FACS was used 

to collect single cells into 96-well plate for subsequent clone culture. After cell clones were 

established, the cells were collected for qRT-PCR detection of miR-146a levels. Significant 

downregulation of miR-146a was detected in clones h-cas1, h-cas2 and mix, compared to px458 

group. Data shown represent mean changes with SD from more than three times of sample 

collections. miR-146a expression level was normalized to U6. Statistical analysis was performed 

using Student’s t-test, *** p < 0.001, N ≥ 3.  
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3.3.3.4 Single gRNA m-cas1 can effectively downregulate miR-146a in N2a 

cells 

For N2a cells, CRISPR constructs m-cas1 and px458 plasmids were delivered to N2a cells 

respectively as per described previously; N2a cells exhibited high transfection efficiency at 

48 hrs post transfection (Figure 3.18 A). The cells were subjected to single cells isolation via 

FACS (Figure 3.18 B).  Five single cell clones were obtained, including m1-a9, m1-c9, m1-

f10, m1-h6 and m1-g2 (Figure 3.19). Clones m1-a9, m1-c9, m1-f10, and m1-h6 exhibited a 

more than 90% of miR-146a knockdown (Figure 3.19), while clone m1-g2 failed to 

downregulate miR-146a compared to px458 control (Figure 3.19). 

 

 

 

Figure 3.18 Isolation of single cells expressing m-cas1 targeting mmu-mir-146a in N2a cells. 

Plasmids m-cas1 and px458 were transfected into N2a cells respectively. (A) The GFP signals of 

px458, m-cas1 and untransfected control were detected at 48 hrs post transfection. The bright field 

images showed the corresponding cell densities when images were taken. (B) Single cells from P4 

group were collected into 96-well plate using FACS for clone culture. FITC-A: fluorescein 

isothiocyanate area. SSC-A: side-scattered light area. 
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Figure 3.19 miR-146a was stably downregulated in N2a cell clones. FACS was used to collect 

single cells into 96-well plate for culturing. After cell clones appeared, the culture was expanded and 

the cells were further collected for qRT-PCR detection of miR-146a levels. Significant 

downregulation of miR-146a was detected in clones a9, c9, f10, h6, compared to px458 group. Data 

shown represent mean changes with SD from more than three times of sample collections. miR-146a 

expression was normalized to U6. Statistical analysis was performed using Student’s t-test, **** p < 

0.0001, N ≥ 3.  

 

 

miR-146a was successfully downregulated in N2a and HEK293T cells using CRISPR/Cas9 

gene editing. In the HEK293T cells, gRNAs h-cas1 and h-cas2 can efficiently knockdown 

miR-146a expression levels via targeting hsa-mir-146a gene on their own; co-delivery of 

gRNAs h-cas1, h-cas2, and h-cas3 resulted in nearly complete knockout of miR-146a. In N2a 

cells, gRNA m-cas1 was highly effective in downregulating miR-146a expression level. 

These data suggest that one single gRNA is sufficient at downregulating or even knocking 

out miR-146a expression; delivering two or more gRNAs that were designed at proper 

locations can lead to complete knockout of miR-146a. 

 

 

3.3.4 miR-146a knockdown induces similar miRNA profile changes in 

HEK293T and N2a cells 

To determine whether miR-146a knockdown leads to the profile changes of other miRNAs, 

qRT-PCR was used to assess the expression levels of a list of miRNAs that have been 

broadly reported and studied, including let-7b, miR-1, miR-9, miR-16, miR-29a/b/c, miR-

128a, miR-181b and miR-342, in HEK293T and N2a cell clones (Figure 3.20). Groups with 

no primer, with no RNA, as well as px458 group, were used as the controls. The data 
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revealed that, besides the consistent knockdown of miR-146a in the clones, expression levels 

of other miRNAs were impacted (Figure 3.20).  

 

In HEK293T cell clones, miR-1 and miR-9 exhibited significant expression level changes 

among the cell clones, whereas miR-16 and miR-181b were both downregulated in all the 

clones (Figure 3.20 A). miRNAs let-7b, miR-29a/b, miR-128a and miR-342 were 

downregulated to various levels, with their expression levels lowest in clones mix-a7 and h2-

d4, h1-c11, h2-h7 (Figure 3.20 A).  

 

In N2a cell clones, let-7b, miR-1, miR-9 and miR-16 exhibited significant expression 

variations among clones m1-a9, m1-c9, m1-f10 and m1-h6 (Figure 3.20 B). Other miRNAs 

including miR-29a/b/c, miR-128a, miR-181b and miR-342 were downregulated in clones 

m1-f10 and m1-h6, whereas the downregulation in clones m1-a9 and m1-c9 were to a less 

extent (Figure 3.20 B). The cell clone m1-g6 did not exhibit downregulation of miR-146a, 

however, it displayed differentially expressed let-7b, miR-1, miR-9 and miR-16, with no 

changes detected on expression levels of other miRNAs (Figure 3.20 B), suggesting that the 

fluctuated expression levels of let-7b, miR-1, miR-9 and miR-16 were not specifically caused 

by miR-146a knockdown, but rather due to the CRISPR/Cas9 system mediated editing 

process; the expression level changes of miR-29a/b/c, miR-128a, miR-181b and miR-342 

were likely to be caused by miR-146a knockdown.  

 

The non-specific expression level changes of miRNAs let-7b, miR-1, miR-9, and miR-16 in 

both N2a and HEK293T cell clones, were probably induced by the unstable miRISC 

complexes formation (748) following CRISPR engineering, or caused by the off-target effect 

of miR-146a gRNA targeting, since these miRNAs are highly enriched in various 

physiological and pathological processes. This suggests that the CRISPR engineering and/or 

perturbation in miR-146a expression probably changed the availablities and distribution of 

the miRISC complexes, so as to influence other miRNAs abundance and downstream 

functions.  

 

The other commonly downregulated miRNAs following miR-146a knockdown may be 

induced by the disturbance in the tertiary structures and/or stabilities of their genome loci 

(440), due to their close localizations to miR-146a genes, or that they are functioally 
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correlated with miR-146a. The roles of miRNAs on their target mRNAs have been broadly 

investigated, however, the miRNA-miRNA interaction has not drawn much attention. These 

data suggest a potential strong miRNA-miRNA interactions, wherein changes in one miRNA 

may cause a whole network changes of other miRNAs. 

 

 

 

 
Figure 3.20 miR-146a knockdown caused expression level changes of other miRNAs. qRT-PCR 

was used to detect expression profiles of other common miRNAs in HEK293T and N2a cell clones. 

(A) miR-1, miR-9 exhibited unstable expression levels among the cell clones, while miR-16, miR-

181b showed decrease compared to px458 group. For miR-1 levels in clones H1 b3, H1 b1, and H1 

d4, miR-29b level in clone H1 b3, p > 0.05. (B) miRNAs let-7b, miR-1, miR-9 and miR-16 displayed 

unstable expression levels among samples, whereas miR-29a/b/c, miR-128a, miR-181b were 

decreased to various levels in N2a cell clones. For miR-1 expression in clone g6, and miR-16 

expression in clone g6, p > 0.05. The data shown represent individual values from three experiments. 

Statistical analysis was performed using Student’s t-test, p < 0.05 unless stated otherwise, N = 3. 
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3.4 Discussion 

Despite the growing interest in studying miRNAs of their roles as disease diagnostic 

biomarkers and as regulators of disease associated proteins or/and genes, the basic miRNA 

regulatory mechanisms in different cellular environments and species are still not clear; there 

also lacks a robust miRNA loss-of-function method for establishing miRNA study models. In 

this chapter CRISPR/Cas9 gene editing was applied to engineer miR-29b and miR-146a in 

various human and mouse cell lines, the off-target effects were extensively characterized. The 

global gene and miRNA profile changes were also assessed in the established miRNA 

knockdown models. 

 

CRISPR/Cas9 gene editing was shown to effectively knockdown miR-29b in human HeLa 

and mouse NIH/3T3 cells, and miR-146a in human HEK293T and mouse N2a cells, 

respectively. miR-29b knockdown disrupted the nucleotides sequences of miR-29b genes, but 

did not influence the sequences of its family members, including miR-29a and miR-29c, 

suggesting the high specificity of CRISPR mediated editing of miR-29b. However, miR-29b 

knockdown did cause the downregulation of mature miR-29a and miR-29c levels in both 

NIH/3T3 and HeLa cells. It was also revealed that the mature miR-29b is mainly derived 

from mmu-mir-29b-1 gene other than mmu-mir-29b-2. The predicted off-targets of miR-29b 

were not significantly changed following miR-29b knockdown; the genes that were 

differentially expressed from the off-target list include downregulated Fkbp1a in NIH/3T3 

cells and upregulated H3F3B and JAK1 in HeLa cells; they are predicted to have binding 

sites for miR-29b in their 3’ UTRs (529), implying the expression level changes as the ‘on-

target’ effect rather than ‘off-target’ effect. However, although unlikely, it cannot be ruled out 

the differential gene expression is due to ‘off-target’ effects of gRNA and therefore further 

investigation would be required. Fkbp1a in Hela cells, and H3F3B, JAK1 in NIH/3T3 cells 

serve as the potential novel targets of miR-29b. The gene profile changes induced by miR-

29b knockdown were also revealed in both NIH/3T3 and HeLa cells; they are involved in 

partially similar physiological and pathological processes, but also exhibited different 

regulation patterns. In miR-146a editing, one single gRNA was effective at downregulating 

miR-146a in both N2a cells and HEK293T cells; the co-delivery of two or more gRNAs led 

to complete knockout of miR-146a in HEK293T cells. miR-146a downregulation caused 

miRNAs profiles changes in a similar manner in the two cell lines. 
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3.4.1 CRISPR editing comparison between miR-29b and miR-146a 

In miR-29b editing, gRNAs h-cas1 and m-cas1 share the same nucleotide sequences, and 

both of them led to sufficient knockdown of miR-29b in HeLa and NIH/3T3 cells 

respectively. Distinct nucleotide changes on miR-29b-1 genes were observed using the same 

gRNA, due to the non-specific NHEJ repair pathway (611), suggesting that the CRISPR-

NHEJ editing is effective at disrupting target miRNA expression, but the nucleotide changes 

are introduced in a random way. More than one cell clones should be tested to identify the 

clones with the least off-target effect and good knockdown efficiency as further research 

models. For miR-146a editing, the co-delivery of gRNAs proves to be a good strategy to 

knockout a miRNA; gRNAs can be designed to span the genome loci of the miRNA/gene to 

facilitate miRNA knockout, given that the gRNAs do not disrupt the miRNA/gene promoter 

functions (615). 

 

3.4.2 Effect of miRNA knockdown on the expression levels of other 

miRNAs  

It was observed that miR-29b knockdown did not cause sequence changes of its family 

members, however, the expression levels of mature miR-29a and miR-29c were shown to be 

downregulated in the miR-29b knockdown clones in both HeLa and NIH/3T3 cells. The 

miRNA expression profiles following miR-146a knockdown were also impacted. 

 

The nucleotide editing on the target - miR-29b genes, may cause changes of the tertiary 

structures of neighbouring ‘off-target’ miRNAs, in this case, the miR-29a and miR-29c 

coding genes, thus resulting in their expression level changes. Additionally, miRNA clusters 

are likely to share the same promoters for their transcription regulations (442, 450); 

disruption on one miRNA of the cluster may cause changes on the sequences or structures of 

their promoters and thus affect the transcription of other miRNAs. Another explanation is that 

the sharp drop down of the expression levels of miR-29b or miR-146a may affect the 

distribution and availability of miRNA function complex – miRISC, on specific miRNAs, 

based on their function correlations with and dependence on the target miRNAs (748), thus 

affecting the expressions and functions of these miRNAs. This phenomenon should be 

transient and decrease following a few passages of the cell clones. 
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3.4.3 Effect of miR-29b knockdown on predicted gRNA off-targets 

The off-target effect induced by miR-29b knockdown was assessed in both NIH/3T3 and 

HeLa cells. The predicted off-targets of miR-29b were not significantly changed following 

miR-29b knockdown; the genes that were differentially expressed from the predicted off-

target list include downregulated Fkbp1a in NIH/3T3 cells and upregulated H3F3B and JAK1 

in HeLa cells; all the three genes are predicted to have binding sites for miR-29b in their 3’ 

UTRs (529), implying the expression level changes as the ‘on-target’ effect rather than ‘off-

target’ effect. A large part of the predicted gRNA off-targets were shown to be targeted by 

miR-29a*, b*, or/and c*. This is not surprising because the gRNAs were designed to target 

the 5’ end of the miR-29b gene sequences, which overlap with the sequences that later form 

mature miR-29b* (464). The sequences of miR-29a and miR-29c genes also share similarities 

to miR-29b genes (464), so that miR-29a* or/and miR-29c* can target some of the predicted 

off-targets of miR-29b gRNAs. miR-29b is transcribed from two genome loci; each miR-29b 

gRNA was designed to target only one gene locus, leaving the other miR-29b gene site with 

high risk of being off-targeted, due to the sequence similarities of the two miR-29b coding 

genes. Surveyor assay and DNA sequencing analysing the sizes and nucleotide sequences of 

the ‘off-target’ miR-29b gene revealed no changes induced by gRNAs h-cas1 and m-cas2 in 

HeLa cells and NIH/3T3 cells respectively, suggesting that with proper gRNA design, 

CRISPR/Cas9 mediated miR-29b editing is highly accurate and specific at recognizing target 

genome loci. 

 

3.4.4 Selective targeting of miR-29b in NIH/3T3 and HeLa cells  

To identify novel miRNA targets and regulatory pathways, and to determine whether there 

exist cell type specific regulation patterns of miRNAs between cell lines, the transcriptome 

profile changes induced by miR-29b knockdown were assessed in both HeLa and NIH/3T3 

clones. Genes with over 1.5 fold changes in expression levels compared to the control group 

were selected for the overlapping analysis with other groups and for the pathway analysis. In 

NIH/3T3 cells, clone cas1-2 exhibited 271 DEGs compared to the control group, while the 

other three clones had about 100 DEGs. The much lower expression level of miR-29b in 

clone cas1-2 may explain the difference of the DEGs to other clones.  

 

The NIH/3T3 and HeLa cell clones demonstrated distinct genes profile changes following 

miR-29b knockdown, possibly due to the cell line difference: HeLa is a human ovarian 
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cancer cell line (749), and NIH/3T3 is a mouse embryonic fibroblast cell line (648); they 

represent two different cellular environments. When analysing the pathways and gene 

ontologies, it is noticeable that in both cellular environments, miR-29b knockdown induced 

DEGs are both involved in PI3K-Akt, Wnt signalling pathways which are involved in signal 

transduction and cellular growth and differentiation, macromolecular complex assembly and 

protein metabolism, tumorigenesis, fibrosis, cell cycle regulation, immune regulation and 

hemostasis.  

 

In NIH/3T3 cells, genes involved in ECM organization and collagen formation are among the 

most enriched DEGs, including Col6a1, Col6a2, Fbln2, Hsp47 and Bgn (Table 3.4 A); in 

HeLa cells, GNG5, GNG12, H3F3B and HIST1H2BK are associated with ECM regulation 

(Table 3.5 A), implying the role of mR-29b in fibrosis through regulating multiple distinct 

targets. In HeLa cells, genes associated with tumorigenesis constitute the major part of DEGs, 

including genes involved in cellular response to various stimuli, protein metabolism and 

epigenetic regulations (Table 3.5 A), whereas in NIH/3T3 cells, Fkbp1a, Canx, F3, S100a10, 

and Serpinh1 involved in cell differentiation and cell cycle regulations are also regulators in 

tumorigenesis (Table 3.4 A). Novel targets of miR-29b in cell cycle are also revealed, 

including Ywhag in NIH/3T3 cells, and CCND1 that encodes for Cyclin D1 in HeLa cells. 

H3F3B and HIST1H2BK are implied as the miR-29b novel targets in DNA methylation 

regulations.  

 

miRNAs are well known to have multiple targets due to the their short seed sequences (750); 

the transcriptome changes induced by miR-29b knockdown validated the complicated 

functional network of miR-29b, and revealed multiple novel targets and regulatory pathways 

of miR-29b. It was demonstrated that miR-29b regulation networks were different between 

cell lines and species, however, distinct miR-29b targets can be involved in similar pathways 

and mechanisms mediated by miR-29b in these two environments. This study shed light on 

the selective targeting mechanisms of miRNAs. The abilities of miR-29b to selectively target 

and function can be switched on or off depending on the cell lines or environments. There are 

also limitations using RNA deep sequencing to scan for miRNA targets and related function 

pathways, as miRNA-target interaction does not always end in mRNA level changes (751); 

proteomics analysis (752) will be a useful tool to uncover more information on the complete 

functional network of miRNAs. 
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3.4.5 Implications for AD and prion disease 

Several DEGs are identified following miR-29b knockdown in NIH/3T3 cells are associated 

with neurodegenerative conditions, including Lrp1 in APP and Aβ clearance in AD (706, 

707), Cst3 (Cystatin C) in cerebral amyloid angiopathy and Aβ pathway (708), and Saa3 in 

the suppression of LPS-induced tau hyperphosphorylation (709). Some DEGs are found to be 

related to prion disease, including Ywhag, Mt2, Serpinh1 and Cst3. Ywhag has been reported 

to be a diagnostic marker for sporadic CJD (712, 713). Mt2 (Metallothionein 2A) receptor 

can enhance the synaptic transmission by activating Akt signalling (710); it is involved in the 

response to metal ions and its polymorphism has been involved in inflammatory response in 

diseases such as type 2 diabetes and carotid artery stenosis in elderly people (743-745); 

increased Mt2 expression was also observed in prion-infected hamster brains (711). Mt2 is 

the only gene that was dysregulated in both cell lines; however, it is upregulated in HeLa 

cells, and downregulated in NIH/3T3 cells. No binding sites were detected in the 3’ UTRs of 

Mt2 or MT2A. This opposite regulations of Mt2 by miR-29b suggests that distinct pathways 

are involved in these two cell lines. The regulation of miR-29b-Mt2 deserves further 

investigation. 

 

Overall, CRISPR/Cas9 gene editing can be utilized to knockdown miR-29b and miR-146a 

efficiently with high specificity, despite the short length of miRNA coding genes. The cell 

clones with stable miR-29b and miR-146a knockdown were established as cell models of 

study the miRNA loss-of-function effect in chapters 4 and 5. The transcriptome profile 

analysis provided insights into the multiple roles of miR-29b in numerous different pathways, 

and its ability to switch on or off targeting in different cellular circumstances and species. 

Novel miR-29b targets associated with neurodegenerative disorders, including AD and prion 

disease, were identified. The global miRNA profile changes induced by miR-146a 

knockdown shed light on the under investigated miRNA-miRNA interactions. The 

CRISPR/Cas9 editing of miRNA is a very promising tool for miRNA functional 

manipulation and miRNA therapeutic delivery in diseases. 
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CHAPTER 4 - THE PROTECTIVE ROLE OF MIR-29B IN 

PRION DISEASE AND ITS INVOLVEMENT IN THE 

REGULATION OF PROTEINS INVOLVED IN ALZHEIMER’S 

DISEASE 

 

4.1 Introduction  

Having thoroughly characterised the novel targets and regulation networks of miR-29b in the 

NIH/3T3 and HeLa cell clones with stable miR-29b knockdown in chapter 3, this chapter 

aims to examine the functional consequences of altered miR-29b expressions in prion disease 

cell models. Differential expression levels of miR-29b have been reported in prion disease 

and AD (section 1.4.3.8), its ability to interact with and/or modulate the disease associated 

genes and/or proteins is an import outstanding question. miR-29b mediated regulation of 

BACE1 has been detected in various pathologies (section 1.4.3.8), giving rise to the 

possibility that miR-29b can regulate another key AD protein - APP expression via targeting 

BACE1. miR-29b-SP1 pathway has been involved in a broad range of physiological and 

pathological processes (section 1.4.3.9); the interactions between SP1 and prion protein – the 

key protein in prion disease, were also identified (section 1.4.3.9), suggesting that miR-29b 

may regulate prion protein expression through SP1 in prion pathogenesis. miR-29b-PrP 

regulation may also involve the novel miR-29b targets identified in chapter 3, as well as the 

proteins that can interact with PrP. 

 

4.1.2 PrP and p53/SP1 interactions 

miR-29b was shown to be a positive regulator of oncogene p53 (502, 753); it can upregulate 

p53 protein expression level and induce p53-mediated apoptosis by suppressing p85α and cell 

division cycle 42 (CDC42), both of which negatively regulate p53 (502). P53 has been shown 

to directly bind to the promoter of prion protein encoding gene PRNP and increase its 

transactivation, which is dependent on the formation of intracellular β-APP derived 

fragments driven by presenilin (332). P53 can also bind to and increase the promoter activity 

of SP1 (754-756), which is a central modulator of the transcriptional response induced by p53 

that results in apoptosis (757). The DNA binding domain of SP1 is required for its physical 

interaction with p53 (758). SP1 has been shown to act as copper-sensing transcriptional 

activator to positively regulate prion protein gene expression in human fibroblast cells (67). 
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SP1 and p53 transcription factors can both regulate the expression levels of prion protein 

encoding gene PRNP (67, 332), implying that miR-29b could potentially regulate prion 

protein expression through SP1 and p53 and participate in prion pathogenesis or facilitate 

other physiological functions of prion protein. 

 

4.1.3 PrP and Argonaute protein interactions 

In 2009, Satoh et al identified a list of proteins that potentially interact with human prion 

protein using protein microarray, including Argonaute 1 (AGO1), which, with the other 

family member Argonaute 2 (AGO2), are the key components of the miRNA-induced 

silencing complex (miRISC) (113). WG/GW domains recruit AGO protein through 

combinations of two amino acids: tryptophan (W) and glycine (G) (114). Human PrPC has 

been shown to bind to AGO proteins through the GW/WG motifs in its octapeptide repeat 

region, and promote the formation and stability of miRISC and miRNA-repressed mRNA 

transcripts, possibly through the multivesicular body (MVB) dynamics (115). Mutations or 

expansions of the octapeptide repeat region have been known to cause familial prion disease 

(759-761). Effective repression of several miRNA targets was shown to require the 

expression of PrP, implying the role of PrP in the miRNA biogenesis pathway. 
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4.2 Aims 

Using the cell clones established in chapter 3 and miRNA gain-of-function methods, this 

chapter seeks to investigate whether miR-29b can regulate prion protein expression through 

SP1, thus forming a miR-29b-SP1-PRNP-PrP regulatory pathway. The effect of miR-29b on 

the prion protein disease associated isoform – PrPSc via this regulatory pathway will be 

assessed using prion cell models. The regulatory roles of miR-29b on AD associated proteins 

APP and BACE1 will also be explored. 

 

This chapter includes three specific aims: 

1: To determine if miR-29b can modulate prion protein expression in cell culture models, and 

to examine whether this regulation is through the miR-29b-SP1 pathway. 

2: To investigate whether miR-29b has a functional role in prion pathogenesis via indirectly 

impact PrPSc generation through the miR-29b-SP1-PRNP-PrP pathway. 

3: To examine the effect of miR-29b on the expression levels of BACE1 and APP in non-

disease cell models. 
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4.3 Results 

4.3.1 miR-29b positively regulates PrP posttranscriptionally in an SP1-

independent manner in NIH/3T3 cells  

NIH/3T3 cell clones with stable miR-29b knockdown were generated using CRISPR/Cas9 

gene editing, including cas1-1, cas1-2, cas2-1 and cas2-2 (Figure 3.5). Clone cas1-1 has an 

0.4 fold expression of miR-29b compared to px458, while cas1-2, cas2-1, cas2-2 have 0.1, 

0.5, 0.25 fold changes respectively (Figure 4.1 A). To examine if miR-29b downregulation 

has an effect on prion protein encoding gene PRNP expression, and if miR-29b-SP1 pathway 

is involved in this regulation, qRT-PCR and western immunoblotting were performed to 

detect the expression levels of Prnp and Sp1 mRNAs, and the protein levels of PrP and SP1. 

 

SP1 is a validated miR-29b target (451, 531, 532); it contains four and three binding sites on 

its 3’ UTR for miR-29b in human and mouse species, respectively (529). No miR-29b 

binding sites on PRNP were detected (529). qRT-PCR showed that Prnp was not significantly 

changed in these four clones compared to px458, although a decreasing trend was displayed 

(Figure 4.1 B); Sp1 expression did not increase following miR-29b knockdown (Figure 4.1 

C). At the protein level, PrP was significantly downregulated by 0.5, 0.75 and 0.5-fold in 

clones cas1-1, cas2-1 and cas2-2 respectively compared to px458 (Figure 4.2). SP1 protein 

was decreased in cas1-1, but did not reach significance level; no changes were observed in 

clone cas2-1 and cas2-2 (Figure 4.2). Clone cas1-2 exhibited inconsistent expression levels of 

these two proteins, and therefore was not used for further study. These data suggest that 

stable miR-29b knockdown led to decreased PrP expression levels at posttranscriptional 

level; miR-29b knockdown did not cause any significant changes in SP1 expression. 
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Figure 4.1 Stable miR-29b knockdown did not lead to significant expression level changes of 

Prnp and Sp1 mRNAs in NIH/3T3 cells. qRT-PCR was used to detect the expression levels of miR-

29b (A), Prnp (B), and Sp1 (C) in NIH/3T3 cell clones with miR-29b knockdown. U6 was used as 

miRNA housekeeping control; Actb and Gapdh were used as gene housekeeping controls. The data 

represent the mean value with SD from more than three experiments. Statistical analysis was 

performed using multiple paired Student’s t-test. * p < 0.05, *** p < 0.001, **** p < 0.0001, N ≥ 3. 

 

 

 

Figure 4.2 miR-29b knockdown led to decreased PrP expression and no significant changes of 

SP1 in clones cas1-1, cas2-1, and cas2-2 in NIH/3T3 cells. Western immunoblotting was performed 

to detect the protein level changes of PrP and SP1 in miR-29b knockdown NIH/3T3 clones (A). 

Protein quantification of PrP (B) and SP1 protein (C) represents the mean value with SD from more 

than three experiments, GAPDH was used as protein housekeeping control. Statistical analysis was 

performed using paired Student’s t-test, ** p < 0.01, *** p < 0.001, N ≥ 3. 
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The miR-29b mimic was used to overexpress miR-29b in NIH/3T3 cells. Cells were plated at 

a density of 1.5 x 105 per well (12-well plate) the day before transfection, miR-29b and 

scramble mimics were transfected into cells using RNAiMax transfection reagent for 48 

hours according to manufacturer’s instructions. qRT-PCR demonstrated that miR-29b level 

was dramatically upregulated following mimic transfection compared to the scramble control 

(Figure 4.3 A), reaching approximately 800-1000 fold of upregulation. 

 

It was shown that the expression level of Prnp was not significantly changed following miR-

29b overexpression, while Sp1 level was decreased compared to the scramble control (Figure 

4.3 B). At the protein level, PrP was upregulated to over 1.5 fold, while SP1 displayed 

significant downregulation to 0.8 fold compared to the scramble mimic control (Figure 4.4). 

These data suggest that miR-29b can upregulate PrP expression posttranscriptionally; SP1 

was downregulated following miR-29b overexpression, however, stable miR-29b 

downregulation failed to induce SP1 upregulation. SP1 is a transcription factor that regulates 

the transcription of numerous genes and miRNAs and it is under the modulation of multiple 

factors (762); stable miR-29b downregulation may have allowed other factors to compensate 

on regulating SP1 expression, so that the transient de-repression effect of miR-29b 

knockdown on SP1 was overtaken by other factors following cell passaging. Transient miR-

29b overexpression did decrease SP1 expression (Figure 4.3) (Figure 4.4), which validated 

the targeting effect of miR-29b on SP1. However, the mechanism of how miR-29b 

upregulated PrP is unknown.  
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Figure 4.3 miR-29b overexpression led to no significant change of Prnp mRNA, but decreased 

Sp1 mRNA level in NIH/3T3 cells. (A) miR-29b was overexpressed using miR-29b mimics, and 

qRT-PCR was used to detect the fold change of miR-29b compared to scramble control; U6 was used 

as miRNA housekeeping control. (B) qRT-PCR was used to detect the mRNAs Prnp and Sp1 

expression following miR-29b overexpression. Actb and Gapdh were used as gene housekeeping 

control. The data represents mean value with SD from more than three experiments. Statistical 

analysis was performed using paired Student’s t-test, *** p < 0.001, **** p < 0.0001, N ≥ 3. 

 

 

 

Figure 4.4 miR-29b overexpression increased PrP, and decreased SP1 levels in NIH/3T3 cells. 

Western immunoblotting was used to detect protein changes of PrP and SP1 following miR-29b 

overexpression (A). Protein quantification of PrP (B) and SP1 protein (C) represents the mean value 

with SD from more than three experiments, GAPDH was used as protein housekeeping control. 

Statistical analysis was performed using paired Student’s t-test, *** p < 0.001, N ≥ 3. 
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A rescue experiment was performed in miR-29b knockdown clone cas1-1, by delivering 

miR-29b mimics into these cells and determining whether downregulated PrP in cas1-1 can 

be de-repressed. Px458 and cas1-1 cells transfected with scramble mimics were used as the 

controls. Following miR-29b overexpression in clone cas1-1 cells, there was a significant 

increase of PrP protein compared to scramble mimics transfected cas1-1 cells (Figure 4.5); 

the expression level of PrP was similar to that in scramble transfected px458 cells (Figure 

4.5). SP1 protein was decreased in miR-29b overexpressed cas1-1 cells compared to scramble 

mimics transfected cas1-1 (Figure 4.5). These data suggest that the regulation of miR-29b on 

PrP protein was positive; miR-29b overexpression led to decreased SP1, however, stable 

miR-29b knockdown did not impact SP1 expression, implying that miR-29b-PrP regulation 

was not, if any, entirely through SP1. 

 

 

 

Figure 4.5 miR-29b overexpression in clone cas1-1 rescued PrP expression in NIH/3T3 cells. (A) 

Western immunoblotting was used to detect the protein level changes of PrP and SP1 following miR-

29b overexpression in clone cas1-1. Protein quantification of PrP (B) and SP1 protein (C) represents 

the mean value with SD from eleven experiments, β-actin was used as protein housekeeping control. 

Statistical analysis was performed using paired Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, 

N = 11. 

 

 

4.3.2 miR-29b decreases PrPSc generation posttranslationally in NIH/3T3 

cells 

The M1000 mouse-adapted human prion strain, also called Fukuoka-1, is a mouse-adapted 

human prion strain from GSS patient (643). The brain homogenate of M1000 prion infected 
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mice has been used to infect cells that are susceptible to prion infection, therefore 

establishing prion disease cell models (763). It is essential that the cells express PrP protein; 

the uptake of infection usually take more than six passages after cells are exposed to prions 

(Figure 4.6). PrPres, the proteinase K (PK) resistant form of PrPSc, is commonly used to 

represent disease isoform in cell or animal prion models (764). Cell blotting or western 

immunoblotting can be used to detect the prion infection in the cells after PK treatment (764). 

The cells do not develop disease phenotypes, and the prion infectivity increases with passage 

(765). The approach of using prion infected cells is a sensitive and much faster bioassay 

comparing to prion animal models. NIH/3T3 cells are susceptible to prion infection and have 

been established as prion disease cell models (673). Normal brain homogenate is used as the 

sham control.  

 

 

Figure 4.6 Diagram illustrating the procedure and detection of prion infection in cell models. 

Cells with PrP expression are treated with brain homogenate from prion infected mice; the uptake of 

prion infection takes six or more passages for the infection to spread among cells. Western 

immunoblotting was used to detect the PK-resistant PrP expression. NI: noninfected, INF: infected. 

 

 

The M1000 infected NIH/3T3 cells exhibited a much higher expression level of PrP, with up 

to 2-fold upregulation compared to the sham control (Figure 4.7). The miR-29b mimics 

transfected sham cells and prion infected cells exhibited significant upregulation of miR-29b, 

with sham cells showing up to a 52-fold increase of miR-29b levels, and M1000 cells 

exhibited up to 35-fold upregulation of miR-29b (Figure 4.8). miR-29b overexpression 

increased PrP expression levels in sham cells compared to the scramble control treatment, 

whereas in M1000 infected cells, the increase of PrP was not significant (Figure 4.9). Upon 

PK digestion, the sham cells showed no PrPres expression, indicating the complete digestion 

of PrP protein by PK (Figure 4.9). M1000 infected cells with miR-29b overexpression 



131 
 

exhibited lower PrPres expression compared to scramble mimic transfected M1000 cells 

(Figure 4.9). These data suggest that PrP was upregulated by miR-29b overexpression in the 

sham infected cells. However, in M1000 infected cells, this regulation was not significant; 

miR-29b overexpression resulted in the decrease of PrPSc in M1000 infected cells compared 

to the scramble control. 

 

 

Figure 4.7 PrP expression level was higher in M1000 infected NIH/3T3 cells compared to sham 

controls. (A) Western immunoblotting was used to detect PrP protein level changes in sham and 

M1000 infected NIH/3T3 cells. Protein quantification of PrP (B) represents the mean value with SD 

from more than three experiments, β-actin was used as protein housekeeping control. Statistical 

analysis was performed using paired Student’s t-test, * p < 0.05, N ≥ 3. 

 

 

 

Figure 4.8 miR-29b was overexpressed in sham and M1000 infected NIH/3T3 cells. miR-29b 

mimics were used to overexpress miR-29b and qRT-PCR was performed to detect miR-29b fold 

change in sham and M1000 infected NIH/3T3 cells. The data represents mean value with SD from 

three experiments, U6 was used as miRNA housekeeping control. Statistical analysis was performed 

using paired Student’s t-test, **** p < 0.0001, N ≥ 3. 
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Figure 4.9 miR-29b overexpression decreased PrPres in M1000 infected NIH/3T3 cells. miR-29b 

was overexpressed in sham and M1000 infected NIH/3T3 cells. (A) Western immunoblotting was 

used to detect PrP level changes with and without PK digestion. Protein quantification of PrP (B) and 

PrPres (C) represents the mean value with SD from more than three experiments, β-actin was used as 

protein housekeeping control. Statistical analysis was performed using paired Student’s t-test, ** p < 

0.01, *** p < 0.001, N ≥ 3. 

 

 

To investigate whether the cell clones with stable miR-29b knockdown will show different 

prion progression comparing to normal cells when exposed to prion infection, and to 

determine whether miR-29b could be a potential therapeutic target for slowing down prion 

progression, prion strain M1000 brain homogenates were used to infect the NIH/3T3 clones 

with stable miR-29b downregulation. 

 

NIH/3T3 cas1-1 clone cells were selected and subjected to prion infection. Cells were seeded 

at a density of 1.5 x 105 per well (6-well plate) and recovered for 48 hours before receiving 
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prion infection. 10% of M1000 and sham brain homogenate were diluted to 1% and added to 

the cell clones according to the standard prion infection protocol. After six passages of the 

cells, the prion infectivity was detected by western immunoblotting. PrP protein was shown 

to be lower in sham infected cas1-1 cells compared to the px458 (Figure 4.10), which 

exhibited the same expression trend to that in uninfected clones. With M1000 infection, 

px458 showed much higher PrP protein expression levels compared to the sham infected cells 

(Figure 4.10); clone cas1-1 also exhibited increased PrP expression levels compared to the 

sham infected control, but to a much lower extent compared to the changes observed in 

px458 (Figure 4.10). Following PK digestion, M1000 infected cas1-1 cells showed much 

lower expression levels of PrPres compared to px458 (Figure 4.10). These data suggest that 

miR-29b knockdown prevented the upregulation of PrP protein levels and decreased the 

formation of PrPres when the cells were subjected to M1000 infection, implying the role of 

miR-29b in slowing down prion disease progression. 

 

 

Figure 4.10 Cas1-1 cells infected with M1000 exhibited decreased PrPres compared to px458 in 

NIH/3T3 cells. Cas1-1 and px458 cells were infected with M1000 or sham brain homogenate. (A) 

Western immunoblotting was used to detect PrP level changes with and without PK digestion. Protein 

quantification of PrP (B) and PrPres (C) represents the mean value with SD from more than three 

experiments, β-actin was used as protein housekeeping control. Statistical analysis was performed 

using paired Student’s t-test, *** p < 0.001, **** p < 0.0001, N ≥ 3. 
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4.3.3 miR-29b expression level is increased in the middle stage of prion 

progression in mice  

Mice intracerebrally infected with M1000 prions are well established mouse model of prion 

disease (766). The M1000 infected mice start to exhibit the presence of PrPSc in the brain at 

week 13 post inoculation, wherein clinical symptoms also begin to appear. The terminal stage 

of prion inoculated mice is at approximately week 26, wherein the expression level of PrPSc 

increases dramatically (766). miR-29b expression levels were detected in the mouse brains 

collected from week 3, 13, and 26 (terminal stage), from sham and M1000 infected mice, 

respectively. It was shown that miR-29b level increased slightly in sham infected mice at 

week 26, whereas miR-29b was increased at week 13 in prion infected mice (Figure 4.11), 

implying that miR-29b expression increased slightly with ageing; however, in prion disease, 

miR-29b was upregulated in the middle stage of disease progression wherein mice started to 

show clinical symptoms, implying that miR-29b may be involved in the preclinical stage of 

prion disease. 

 

 

 

Figure 4.11 miR-29b level was increased in the middle stage of prion disease progression in 

mouse brains. qRT-PCR was used to detect miR-29b expression levels in the brains of week 3, 13 

and terminal stages of prion infected mice. The colour bar represents the fold change of genes 

compared to U6. Two mouse brains were used at each time point. The qRT-PCR experiment was 

repeated three times. 
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4.3.4 Ppp2ca is not involved in miR-29b mediated prion disease regulation  

The question arises as to what is the mechanism of miR-29b upregulating PrP and 

downregulating PrPSc in prion infected cell models. PRNP does not contain binding sites for 

miR-29b in its 3’ UTR (529), suggesting that it is not the direct canonical targeting of miR-

29b on PRNP that modulates PrP expression, although the 5’ UTR and coding region of 

PRNP are not scanned due to the current database limitation. It has also been shown that SP1 

is not involved in the miR-29b-PrP pathway (section 4.3.1).  

 

Among the 23 differentially expressed genes (DEGs) induced by miR-29b knockdown in 

NIH/3T3 cells, a few genes have been shown to potentially associate with prion diseases and 

may be involved in the miR-29b-PrP regulation, including Ppp2ca, Mt2, Serpinh1, Cst3, and 

Ywhag (Figure 3.12). Ppp2ca encodes for one of the main protein phosphatases, and is 

implicated in the dephosphorylation of critical proteins associated with neurodegeneration, 

including Tau and -Syn (767, 768). Total and phosphorylated Tau was reported to be 

dysregulated during the prion disease progression in mice (769), prompting the potential 

miR-29b-Ppp2ca-Tau pathway in prion disease, which may influence the conversion of PrP 

into PrPSc, thus affecting the amount of PrPSc.  

 

Using qRT-PCR, Ppp2ca was found to be increased in the miR-29b knockdown clones 

(Figure 3.12). To examine whether the miR-29b-Ppp2ca pathway mediates the expression 

level changes of Tau in prion progression, expression levels of Ppp2ca encoded three protein 

isoforms, PP2A a, b, and c were examined in the M1000 and sham infected mouse brains 

(Figure 4.12). No significant changes of these three proteins were detected during the prion 

disease progression (Figure 4.12), suggesting that Ppp2ca may not be involved in prion 

pathogenesis. Ppp2ca was predicted to have binding sites for miR-29b in its 3’ UTR (Figure 

4.13 A), with a mirSVR score of -0.3478 and PhastCons score of 0.6607 (529), suggesting 

that the binding of miR-29b on Ppp2ca 3’ UTR is conservative and is likely to downregulate 

Ppp2ca. However, a luciferase reporter assay examining the binding of miR-29b to the 

Ppp2ca 3’ UTR did not show any inhibition of miR-29b on the luciferase signal compared to 

the control group (Figure 4.13 B), indicating that the binding between miR-29b and Ppp2ca 

either does not exist or is not strong enough to lead to Ppp2ca inhibition. 
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Figure 4.12 Expression levels of PP2A proteins did not change during prion disease progression 

in mouse brains. (A) Western immunoblotting was used to detect PP2A a, PP2A b, and PP2A c 

expression levels in week 3, 13, and terminal stage of prion infected mouse brains. Protein 

quantification of PP2A a (B), PP2A b (C) and PP2A c (D) represents the mean value with SD from 

more than three experiments, β-actin was used as protein housekeeping control. Statistical analysis 

was performed using paired Student’s t-test, p > 0.05, N ≥ 3. 
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Figure 4.13 Ppp2ca 3’ UTR signal was not inhibited by miR-29b overexpression. (A) Ppp2ca is 

predicted to have binding sites for miR-29b in its 3’ UTR. (B) Luciferase reporter assay was 

performed on Ppp2ca reporter co-transfected with miR-29b or scramble mimics in HEK293T cells. 

The data represents mean value with SD from four experiments. Statistical analysis was performed 

using Student’s t-test, p > 0.05, N = 4. 

 

 

4.3.5 miR-29b-PrP regulations in other cell lines 

4.3.5.1 miR-29b can upregulate PrP in HEK293T, SH-SY5Y, and N2a cells 

Various cell lines represent different cellular environments, wherein miRNA functions can 

share similar features or follow distinct regulation patterns. The expression levels of PrP 

protein were examined in HEK293T cells (Figure 4.14 A and B), SH-SY5Y cells (Figure 

4.14 C and D), and N2a cells (Figure 4.14 E and F) following miR-29b overexpression. It 

was shown that, miR-29b overexpression upregulated PrP expression levels in all three cell 

lines (Figure 4.14), suggesting that miR-29b overexpression induced upregulation of PrP is a 

common phenomenon across different cell lines. miR-29b can mediate the upregulation of 

PrP and may play crucial roles in different types of biological environments, including 

fibroblast cells, human kidney circumstance, mouse and human neuroblastoma cells. It holds 

great therapeutic potential for miR-29b to slow down prion disease progression or/and 

modulate PrP functions in other developmental processes or disease pathologies, through 

manipulating PrP expression levels via miR-29b mimic delivery or CRISPR/Cas9 gene 

editing. 
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Figure 4.14 PrP expression levels were upregulated following miR-29b overexpression in 

HEK293T, SH-SY5Y, and N2a cells. Western immunoblotting was used to detect PrP levels 

following miR-29b overexpression in (A) HEK293T cells, (C) SH-SY5Y cells, and (E) N2a cells. 

Protein quantification of PrP in HEK293T cells (B), SH-SY5Y cells (D) and N2a cells (F) represents 

the mean value with SD from more than three experiments, GAPDH was used as the protein 

housekeeping control. Statistical analysis was performed using paired Student’s t-test, * p < 0.05, N ≥ 

3. 

 

 

4.3.5.2 miR-29b downregulates PrP level in HeLa cells 

HeLa cells, human cervical cancer cells, were also used to investigate the miR-29b mediated 

regulation of PrP. Opposite to the observation in other cell lines, miR-29b overexpression 

induced the downregulation of PrP compared to the scramble control cells (Figure 4.15 A and 

B). In HeLa cell clones with stable miR-29b knockdown, PrP expression was shown to be 

elevated in clones cas1-2, cas1-3 and cas1-4, compared to px458 (Figure 4.15 C and D). miR-

29b overexpression in clone cas1-4 rescued the PrP expression to a level similar to that in 

px458 treated with the scramble mimics (Figure 4.15 E and F). These findings strongly 

suggest that miR-29b mediated PrP modulation is in an opposite manner in HeLa cells 

compared to other cellular environments, which may involve distinct mechanisms. 

MT2A (Mt2 in mouse species) was upregulated following stable miR-29b knockdown in 

HeLa cells (Figure 3.13), which is distinct to the downregulated Mt2 in NIH/3T3 cells with 

miR-29b knockdown (Figure 3.12). MT2A has been shown to increase in prion disease 

patients and was used as diagnostic biomarker (746), providing clues that distinct MT2A 
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dysregulation in HeLa cells may contribute to different miR-29b-PrP modulations in HeLa 

and other cell lines. Additionally, CCND1, which encodes for cyclin D1 protein, was 

upregulated following miR-29b knockdown in HeLa cells (Figure 3.13). PrP has been 

reported to be mediated by the PI3K/Akt pathway and the transcriptional activation of cyclin 

D1, which can regulate the G1 to S phase transition in cancer cells (770). miR-29b 

knockdown induced upregulation of PrP may be through the activation of CCND1, which 

functions to facilitate the physiological role of PrP in cell cycle regulation. 

 

 

 

Figure 4.15 miR-29b negatively regulated PrP expression levels in HeLa cells. Western 

immunoblotting was used to detect PrP expression in (A) miR-29b overexpressed HeLa cells, (C) 

HeLa clones with stable miR-29b knockdown, and (E) HeLa clone cas1-4 with miR-29b rescue. 

Protein quantification of PrP (B, D, F) represents the mean value with SD from more than three 

experiments, GAPDH and β-actin were used as protein housekeeping controls. Statistical analysis was 

performed using paired Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, N ≥ 3. 

 

 

4.3.6 miR-29b potentially regulates BACE1 and APP, the two key proteins 

in AD 

miR-29b mediated BACE1 modulation has been implicated in various studies. Decreased 

miR-29a/b-1 in sporadic AD is related to increased level of BACE1; similar correlations were 
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observed in the mouse brain development and primary neuronal cultures (450), as well as in 

spinocerebellar ataxia 17 (528). Another important AD regulator protein, amyloid precursor 

protein (APP), was predicted to have binding sites for miR-29b in its mRNA 3’ UTR in 

human species (Figure 4.20 A). The effect of miR-29b on the expression levels of BACE1 

and APP were preliminarily examined in non-disease cell lines. 

 

4.3.6.1 miR-29b conditionally decreases BACE1 protein expression levels in 

N2a and HeLa cells                                

miR-29b was overexpressed using miR-29b mimics in NIH/3T3 cells, N2a cells, SH-SY5Y 

cells, HEK293T cells, and HeLa cells. Western immunoblotting detection of BACE1 protein 

expression levels showed that BACE1 was significantly downregulated in N2a cells (Figure 

4.16 A and C), and in HeLa cells (Figure 4.16 A and F), while no significant changes were 

observed in NIH/3T3 cells (Figure 4.16 A and B), SH-SY5Y cells (Figure 4.16 A and D), and 

in HEK293T cells (Figure 4.16 A and E), compared to the scramble controls. These data 

imply that miR-29b mediated BACE1 downregulation is conditional and selective in N2a 

cells and HeLa cells. 

 

 

 

Figure 4.16 miR-29b selectively downregulated BACE1 expression levels in N2a and HeLa cells. 

(A) Western immunoblotting was used to detect BACE1 levels in NIH/3T3 cells, N2a cells, SH-

SY5Y cells, HEK293T cells, and HeLa cells. Protein quantification of BACE1 (B-F) represents the 

mean value with SD from more than three experiments, GAPDH was used as protein housekeeping 

controls. Statistical analysis was performed using paired Student’s t-test, * p < 0.05, N ≥ 3. 
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4.3.6.2 miR-29b can regulate APP expression levels in various cell lines 

In NIH/3T3 cells, following miR-29b overexpression, APP protein levels were shown to be 

upregulated compared to the scramble control (Figure 4.17 A and B). In NIH/3T3 clones with 

stable miR-29b knockdown, APP protein was decreased to different levels in all four clones 

compared to px458 control (Figure 4.17 C and D). In other cell lines, miR-29b 

overexpression induced the upregulation trend of APP in HEK293T cells and N2a cells 

(Figure 4.18), while in SH-SY5Y cells, APP protein was significantly increased with miR-

29b overexpression compared to the scramble control (Figure 4.18). It was observed that 

miR-29b mediated significant upregulation of APP in NIH/3T3 and SH-SY5Y cells. 

 

 

 

Figure 4.17 miR-29b positively regulated APP expression levels in NIH/3T3 cells. Western 

immunoblotting was used to detect APP expression levels in (A) miR-29b overexpressed NIH/3T3 

cells, and (C) NIH/3T3 cell clones with stable miR-29b knockdown. Protein quantification of APP (B, 

D) represents the mean value with SD from more than three experiments, GAPDH was used as 

protein housekeeping control. Statistical analysis was performed using paired Student’s t-test, * p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N ≥ 3. 
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Figure 4.18 miR-29b significantly upregulated APP expression level in SH-SY5Y cells. Western 

immunoblotting was used to detect APP expression in (A) HEK293T cells, (C) SH-SY5Y cells, and 

(E) N2a cells. Protein quantification of APP (B, D, F) represents the mean value with SD from more 

than three experiments, GAPDH was used as protein housekeeping control. Statistical analysis was 

performed using paired Student’s t-test, * p < 0.05, N ≥ 3. 

 

 

In HeLa cells, miR-29b overexpression induced the downregulation of APP protein 

expression level compared to the scramble control (Figure 4.19 A and B). HeLa cell clones 

with stable miR-29b knockdown exhibited significant upregulation of APP protein expression 

levels compared to px458 (Figure 4.19 C and D). miR-29b overexpression in clone cas1-4 

rescued APP protein expression to a level similar to that in px458 cells treated with scramble 

mimics (Figure 4.19 E and F), demonstrating that miR-29b negatively regulated APP protein 

expression in HeLa cells. HeLa cells have been revealed to exhibit distinct expression levels 

of PrP and APP following miR-29b dysregulation; the detailed mechanism is unknown, 

factors such as the cellular environments, the conditional functioning of miR-29b, and the 

differential gene expressions (DGEs) induced by miR-29b knockdown in HeLa cells may 

contribute to this phenomenon. 
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Figure 4.19 miR-29b negatively regulated APP expression levels in HeLa cells. Western 

immunoblotting was used to detect APP expression levels in (A) miR-29b overexpressed HeLa cells, 

(C) HeLa clones with stable miR-29b knockdown, and (E) HeLa clone cas1-4 with miR-29b mimic 

rescue. Protein quantification of APP (B, D, F) represents the mean value with SD from more than 

three experiments, GAPDH and β-actin were used as protein housekeeping controls. Statistical 

analysis was performed using paired Student’s t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001, N ≥ 3. 

 

 

In human species, miR-29b is predicted to bind to the APP 3’ UTR via its seed sequence 

(Figure 4.20 A). The binding sites are not conservative among species; no binding sites were 

predicted in mouse species (529). An APP luciferase reporter was constructed using the 

region spanning the predicted binding nucleotides, with the mutant reporter containing a 

replacement of two nucleotides GG by CC in the binding sequences (Figure 4.20 A). The 

luciferase reporter assay demonstrated that miR-29b mimics inhibited the luciferase signal of 

the 3’ UTR reporter compared to the scramble mimics treatment (Figure 4.20 B); no 

significant changes were observed in the mutant reporter treated with miR-29b or scramble 

mimics (Figure 4.20 B). The experiments were performed twice, with three replicates in each 

experiment. The data suggested that miR-29b may directly target APP in human species; 

however, this binding is not conservative among species. 
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Figure 4.20 APP 3’ UTR signal was inhibited by miR-29b overexpression. (A) APP is predicted to 

have binding sites for miR-29b in its 3’ UTR in human species. (B) A luciferase reporter assay was 

performed on APP and mutant reporter co-transfected with miR-29b mimics or scramble mimics in 

HEK293T cells. The data represents the mean value with SD from two experiments, with three 

replicates each time.  

 

 

These data suggest that miR-29b may be involved in AD by directly modulating APP and 

BACE1 expression levels. It was demonstrated that miR-29b can positively regulate APP 

protein expression levels in neuronal N2a, SH-SY5Y cells, HEK293T cells, and NIH/3T3 

cells; however, APP was negatively regulated by miR-29b in HeLa cells. Upregulated 

Serpinh1 following miR-29b knockdown (section 3.3.2) can interact with APP and affect the 

Aβ generation (771), suggesting that Serpinh1 may participate in the miR-29b-APP pathway. 

APP was also identified as a potential direct target of miR-29b in human species. These 

findings suggest the potential role of miR-29b in regulating Aβ generation via APP and 

BACE1 in AD, and the potential multifunctional roles of miR-29b-APP, and miR-29b-

BACE1 pathways in other physiological processes and pathologies, including fibrosis, kidney 

development, and tumorigenesis.  
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4.4 Discussion 

To answer the question of whether dysregulated miR-29b in prion diseases and AD plays 

functional roles in disease pathogenesis, this chapter characterized the functional 

consequences of altered miR-29b expression levels in non-disease and prion disease cell 

models, including its ability to modulate prion proteins, as well as key AD proteins APP and 

BACE1. The underlying mechanisms were analysed and speculated. 

 

miR-29b was shown to positively regulate PrP protein levels posttranscriptionally in an SP1-

independent manner in NIH/3T3 cells. In prion animal models, miR-29b expression levels 

were found to increase in the middle stage of prion progression in prion infected mouse 

brains. In prion infected NIH/3T3 cell models, miR-29b overexpression induced the 

downregulation of prion protein disease associated isoform PrPSc; prion infection performed 

in miR-29b knockdown cell clones also resulted in decreased PrPSc formation. Ppp2ca was 

dysregulated following miR-29b knockdown in NIH/3T3 cells, and was suspected to be 

involved in the miR-29b mediated decrease of PrPSc generation as a miR-29b target. 

However, it was excluded as a candidate, since its protein expression levels were not 

impacted in the prion pathogenesis in mouse brains, and no direct binding was detected 

between miR-29b and the 3’ UTR of Ppp2ca (section 4.3.3.1). The involvement of Ppp2ca in 

prion diseases has not been addressed in any study. The positive regulation of miR-29b on 

PrP was also observed in HEK293T cells, N2a cells, and in SH-SY5Y cells. Surprisingly, 

miR-29b was shown to negatively regulate PrP expression levels in HeLa cells. These 

findings suggest that miR-29b-PrP regulation is not only involved in prion pathogenesis, but 

also it is likely to participate in multiple physiological processes and pathologies. 

 

miR-29b was also shown to regulate key proteins involved in AD pathogenesis, including 

APP and BACE1. miR-29b mediated BACE1 downregulation was shown to be selective in 

N2a and HeLa cell lines, adding evidence to the reported miR-29b-BACE1 regulations in 

various pathologies (450, 528). APP levels were observed to be significantly upregulated by 

miR-29b in NIH/3T3 cells and SH-SY5Y cells. However, APP was negatively regulated by 

miR-29b in HeLa cells. miR-29b was demonstrated to potentially bind to APP 3’ UTR in 

human species. The regulations of APP and BACE1 by miR-29b suggest the potential role of 

miR-29b in increasing Aβ formation in AD. 
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4.4.1 Mechanism of miR-29b mediated upregulation of PrP and subsequent 

lowering of PrPSc levels 

The mechanisms underlying the upregulated PrP following miR-29b overexpression and 

downregulated PrP in miR-29b knockdown clones, as well as the decreased PrPSc in prion 

cell models with miR-29b overexpression or downregulation in NIH/3T3 cells, are not clear 

yet. PrP interacting protein, Argonaute (AGO), may be involved in miR-29b mediated 

regulation of prion proteins (Figure 4.21). The interactions between prion protein and AGO 

have been described (section 4.1.3). The differentially expressed genes (DEGs), including 

Serpinh1, Cst3, Mt2, and Ywhag induced by miR-29b knockdown in NIH/3T3 cells are 

potential miR-29b targets in regulating prion progression. Mt2 encoded metallothionein 2A is 

a metal ion sensing and anti-oxidant protein (710), it was found to increase in prion infected 

hamster brains and has been used as a diagnostic marker for prion disease (711, 746). 

Similarly, upregulated Ywhag (encoding for 14-3-3 protein) is also a diagnostic marker for 

sporadic CJD (712, 713). Serpinh1 encodes for HSP47, it has been reported as a chaperone 

protein in endoplasmic reticulum (ER), and ER stress is critical for the spongiform 

neurodegeneration (772, 773). Serpinh1 can interact with APP and affect the Aβ generation 

(771). Its family member BiP protein was shown to bind to mutant prion protein and mediate 

its degradation (774), suggesting the potential role of Serpinh1 in miR-29b mediated prion 

pathogenesis. Cst3 encoded Cystatin C protein was detected to be increased in the 

cerebrospinal fluid (CSF) of CJD patients and was identified as a potential pre-mortem 

indicator of CJD (775). It was also revealed to be associated with cell death and survival in 

prion infected mice with non-amyloid disease phenotype (776). Combining with the 

observation that miR-29b was increased in the pre-clinical stage of prion infected mice, Cst3 

may serve as a miR-29b target in regulating prion progression. Stable miR-29b knockdown in 

NIH/3T3 cells induced the upregulation of Cst3, Serpinh1, Ywhag and downregulation of 

Mt2 (Figure 3.12); Cst3, and Serpinh1 were predicted to have binding sites for miR-29b in 

their 3’ UTRs (Table 3.3). 

 

Based on the theory of AGO-PrP protein binding and the dysregulated Serpinh1, Cst3, 

Ywhag and Mt2 induced by miR-29b knockdown, the potential mechanisms of miR-29b 

upregulating PrP and lowering PrPSc levels are depicted (Figure 4.21). When miR-29b 

mimics are delivered into cells, the requirement for AGO protein to form miRISC increases 

dramatically, which in turn recruits more PrP protein to bind to miRISC, leading to 
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upregulated PrP level following miR-29b overexpression. This upregulation may also lead to 

the dysregulation of miR-29b targets, including HSP47, Cystatin C, MT2, and 14-3-3, which 

have been shown to have potential roles in PrP misfolding or serve as diagnostic biomarkers 

in prion disease (711-713, 746, 772, 773, 776). In the prion infected cell model, miR-29b 

overexpression inhibits or slows down the transformation of non-recruited PrP to PrPSc, thus 

leading to the lower expression level of PrPSc. When miR-29b is stably downregulated, the 

de-repression of HSP47 and Cystatin C, and upregulated 14-3-3 and MT2 may contribute to 

affect the transformation of prion protein to the disease associated isoform. Overall, AGO 

protein and its associated miRISC complex may serve as a valve in controlling the levels of 

recruited and non-recruited PrP. Together with miR-29b targets Cst3, Serpinh1, Ywhag and 

Mt2, they are the potential regulators contributing to the miR-29b mediated upregulation of 

PrP and downregulation of PrPSc. 

 

 

Figure 4.21 Possible mechanisms of miR-29b upregulating PrP and lowering PrPSc levels. 

GW182: glycine-tryptophan protein of 182 kDa; AGO: argonaute protein; Cst3: Cystatin C protein 

encoding gene; Serpinh 1: HSP47 encoding gene; HSP47: heat shock protein 47; Mt2: 

metallothionein 2A; Ywhag: 14-3-3 protein gamma; miRISC: miRNA-induced silencing complex. 

 

 

These two groups of factors may work together or separately in the miR-29b-PrP-PrPSc 

pathway depending on the cellular environments and intracellular miR-29b levels. When 

miR-29b is overexpressed, PrP-AGO interaction is likely to be critical in determining the 
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expression levels of PrP. However, in miR-29b knockdown cells, miR-29b downstream 

targets are in turn the main factors in regulating PrP levels. The contribution ratio of the two 

factors may explain the distinct miR-29b-PrP regulations in different cell lines, such as 

between NIH/3T3 cells and HeLa cells. 

 

To verify whether Cst3, Serpinh1, Mt2, and Ywhag are involved in miR-29b mediated 

regulation of prion disease pathogenesis, prion infected cells and mice can be used to detect 

the expression level changes of these genes and their encoding proteins during prion 

progression. miR-29b overexpression is also likely to induce changes of these genes and their 

encoded proteins comparable to that caused by miR-29b knockdown. PrP changes following 

Cst3, Serpinh1, Ywhag knockdown, or Mt2 overexpression, will offer clues on whether they 

participate in miR-29b-PrP modulations. To examine whether PrP and AGO protein binding 

in miRISC is involved in miR-29b induced PrP expression level changes, the straightforward 

strategy is to perform immunofluorescence staining of PrP and AGO proteins before and after 

miR-29b mimics transfection in cells; PrP protein localization is likely to change if it is 

recruited to the miRISC complex during the miRNA functional pathway. Co-

immunoprecipitation can also be performed to verify the binding between AGO and PrP 

proteins using the constructs containing wild type and octapeptide region mutated PrP.  

 

4.4.2 Selective regulations of miR-29b-targets 

Selective targeting of miR-29b was also demonstrated when analysing the expression levels 

of BACE1, APP, and SP1 in various cell lines. BACE1 was validated to be a miR-29b target 

via the 3’ UTR binding (450), APP was also proved to have direct binding with miR-29b in 

human species (Figure 4.20). However, the miR-29b-BACE1, miR-29b-APP, and/or miR-

29b-SP1 pathways were only switched on in certain cellular environments, suggesting that 

miRNA predicting algorithms and luciferase reporter assay examining miRNA-mRNA 

3’UTR binding cannot guarantee the actual effect of a miRNA on target mRNA in a certain 

cell line. The miRNA-mRNA interaction may also be affected by the secondary or tertiary 

structures of the mRNA loci, the surrounding genes, and the 5’ UTR or coding region binding 

factors (777). Furthermore, transient and stable knockdown of miRNA may induce distinct 

regulation networks, wherein their impact on miRISC pathway varies. 
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Taken together, it was demonstrated in this chapter that miR-29b can positively regulate 

prion protein PrP posttranscriptionally, which is independent of SP1 and Ppp2ca. miR-29b 

can eventually affect the generation of prion protein disease associated isoform via regulating 

PrP levels. miR-29b novel targets identified in chapter 3, including Cst3, Mt2, Ywhag and 

Serpinh1, as well as PrP interacting protein AGO, may underlie the regulation mechanisms. 

miR-29b also exhibited the abilities to regulate AD key proteins APP and BACE1 proteins in 

various cell lines. miR-29b-PrP, miR-29b-BACE1, miR-29b-APP pathways, similar to miR-

29b-SP1 pathway, are likely to be the common pathways to facilitate the multiple 

physiological functions of miR-29b and related proteins. miR-29b holds great potential to be 

an anti-prion therapy to slow down prion disease progression, and to be a promising regulator 

in AD via regulating APP and BACE1.  
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CHAPTER 5 - MIR-146A REGULATES PRION PROTEIN AND 

ACTS AS AN INFLAMMATORY REGULATOR IN PRION 

DISEASE    

 

5.1 Introduction 

Having characterized the regulatory roles of miR-29b in chapter 4, the study of 

‘inflammatory regulator’ miR-146a in prion diseases hold great promise due to its potential 

direct targeting on prion protein encoding gene PRNP and its role in inflammatory pathways. 

miR-146a mediated innate immune response and inflammatory signalling pathways have 

been found to be critical for miR-146a functions in various pathologies (section 1.5.3). miR-

146a was extensively reported to be under the regulation of NF-kB and can be stimulated by 

various types of viruses, pro-inflammatory cytokines, toll-like receptors (TLRs), Aβ42, 

neurotoxic metal, and oxidative stress in cells (536, 544-546, 549). Interleukin 1 receptor 

associated kinase 1 (IRAK1) and tumor necrosis factor receptor associated factor 6 (TRAF6) 

were identified as miR-146a targets in immune diseases, oncogenic dysregulation, 

cardiovascular, renal diseases, and neurodegenerative disorders (357, 455, 537, 554, 555). 

miR-146a has also been constantly upregulated in prion diseases (section 5.1.1) and can 

regulate the microglial activation status in prion induced neurodegeneration through 

inflammation pathways (456). This combined with the miR-146a potential targeting on PRNP 

(382), suggest the dual roles of miR-146a in prion pathogenesis, which may cause the 

changes of PrPSc levels and eventually impact prion disease progression. This chapter aims to 

reveal the mechanisms underlying the upregulated miR-146a in prion diseases, using the cell 

clones established in chapter 3, as well as prion infected cell models. The study will further 

be extended into in vivo models, by using prion infected mouse brain tissues and by 

generating miR-146a knockout mice using CRISPR/Cas9 gene editing, which will be a 

powerful tool to answer the critical question of whether this miRNA can alter the disease 

progression of prion pathogenesis. 

 

5.1.1 miR-146a in prion disease 

miR-146a has been reported to be elevated in a number of prion disease animal and cell 

models, as well as in prion disease patients. miR-146a expression levels were increased in the 

brain of prion strain 22A and 139A infected mice in comparison with age-matched control 
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mice (357), in hippocampal and cerebellar regions of RML infected mice at clinical stage 

(456), and also in sporadic CJD and GSS patients (455). Boese et al identified upregulated 

miR-146a levels in the synaptoneurosomes from RML infected CD1 mice at late stage of 

prion disease (360). miR-146a has been suggested as the biomarker for inflammation 

pathways in prion induced neurodegeneration (455). The upregulation of miR-146a in prion 

strains 22A, RML and BSE infected mice was concurrent with the onset of prion deposition 

and appearance of activated microglia cells (456), wherein miR-146a was involved in pro-

inflammatory NF-kB, and JAK-STAT, MAPK signalling pathways (357, 455, 456, 778). 

Additionally, decreased miR-146a was detected in exosomes secreted by prion-infected 

neuronal GT1-7 cells (358), implying the potential transportation of miR-146a in prion 

disease. The direct correlation between prion protein and miR-146a was first described in 

diabetic db/db mouse brains, wherein enhanced cellular prion protein expression and 

decreased miR-146a level were observed (779). Administration of miR-146 mimics through 

exosomes decreased prion protein expression in db/db mice, and enhanced the novel object 

recognition ability of the mice (779). These studies suggest a close association of miR-146a 

with prion pathogenesis, potentially via regulating prion protein and inflammatory pathways 

in prion induced neurodegeneration. 

 

5.1.2 CRISPR/Cas9 gene editing in mice 

Genetically modified mice are traditionally generated by sequential recombination in 

embryonic stem cells (ESCs), which is complicated and time consuming. CRISPR/Cas9 gene 

editing has been broadly applied in in vivo study of gene functions (638). The simultaneous 

disruption of five genes, including Tet1, Tet2, Tet3, Sry and Uty, was achieved in mouse 

ESCs via the coinjection of Cas9 mRNA and sgRNAs (780). Coinjection of Cas9 mRNA, 

sgRNAs and mutant oligos enabled the generation of precise point mutations in both Tet1 and 

Tet2 in mice (780). Conditional mutant mice carrying fluorescent reporter were successfully 

generated through injecting the zygotes with CRISPR cassette and DNA vectors carrying the 

reporter gene (781). A direct nuclear delivery of CRISPR cassette with chemically 

synthesized dual RNAs enhanced the target digestion by 40% compared to the CRISPR 

cassette only delivery (782). Delivery of gRNAs targeting p53 and Lkb1 in the lung via 

adeno associated virus in Cre-dependent Cas9 knockin mouse led to macroscopic tumors of 

adenocarcinoma pathology (783). CRISPR mediated correction of the dystrophin gene 

rescued the degree of muscle dystrophy in mice (784, 785). Lipid mediated delivery of 
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CRISPR complex to the inner ear of neonatal mice with hereditary hearing loss successfully 

edited the mutant Tmc1 gene within the cochlear hair cells, which can sense acoustic 

vibrations, and improved the cochlear and hearing function of mice (786). CRISPR/Cas9 

system mediated miRNA editing in mice has also been reported. miR-26a-1/miR-26a-2 

double knockout mice were generated using CRISPR/Cas9 system and were used to 

investigate their roles in pulmonary surfactant synthesis (664). miR-149 knock out mice were 

generated using CRISPR/Cas9 system, and these mice exhibited severe liver injury and 

inflammation and enhanced expression of IL-6, iNOS, complement C3 and IL-4 upon LPS 

exposure, compared with wild type mice (665), suggesting the role of miR-149 as a negative 

regulator of chronic inflammation. CRISPR/Cas9 gene editing in mice has proven to be a 

powerful tool to accelerate in vivo functional study of genes and miRNAs. 
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5.2 Aims 

This chapter seeks to reveal the mechanisms underlying the upregulated miR-146a in prion 

disease models, via examining whether miR-146a acts as the direct upstream regulator of PrP 

and whether miR-146a mediated inflammatory pathway is involved in prion pathogenesis, 

using both in vitro and in vivo models. 

 

Two specific aims are included in this chapter: 

1. To investigate the role of miR-146a in regulating prion protein and inflammatory targets in 

in vitro models of prion infection. 

2. To generate miR-146a knockout mouse models using CRISPR/Cas9 editing and to 

determine the effect of miR-146a knockout on prion protein and inflammatory targets. 
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5.3 Results 

5.3.1 PrP is upregulated in both miR-146a overexpressed and knockdown 

N2a cells and is directly targeted by miR-146a 

Stable and efficient miR-146a knockdown was achieved using CRISPR/Cas9 gene editing in 

N2a cells; the clones a9, c9, and f10 exhibited approximately 0.35, 0.05, and 0.1 fold of miR-

146a levels compared to px458 (Figure 5.1 A). The effect of miR-146a knockdown on Prnp 

mRNA expression levels was examined using qRT-PCR. It was detected that all three clones 

exhibited an upregulation trend of Prnp, however this did not reach statistical significance 

(Figure 5.1 B). Western immunoblotting of the N2a clones showed that PrP was 

approximately 3.5, 3.8, and 1.8 fold upregulated in clones a9, f10, and c9 compared to px458 

(Figure 5.2), suggesting that stable miR-146a knockdown induced significant upregulation of 

PrP protein and slightly increased Prnp mRNA expression level. 

 

 

 

Figure 5.1 Stable miR-146a knockdown did not significantly upregulate Prnp level in N2a cells. 

qRT-PCR was used to detect the levels of miR-146a (A), and Prnp (B) in N2a cell clones with miR-

146a knockdown. U6 was used as the miRNA housekeeping control; Actb and Gapdh were used as 

the mRNA housekeeping controls. The data represents the mean value with SD normalized to px458 

from four experiments. Statistical analysis was performed using multiple paired Student’s t-test, ** p 

< 0.01, **** p < 0.0001, N = 4. 
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Figure 5.2 Stable miR-146a knockdown induced PrP upregulation in N2a clones a9, f10 and c9. 

(A) Western immunoblotting was performed to detect the protein level changes of PrP in the miR-

146a knockdown N2a clones. (B) Protein quantification of PrP represents the mean value with SD 

normalized to px458 from more than three experiments. β-actin was used as the protein housekeeping 

control. Statistical analysis was performed using multiple paired Student’s t-test, * p < 0.05, **** p < 

0.0001, N ≥ 3. 

 

 

miR-146a was overexpressed in N2a cells by delivering the miR-146a and scramble mimics 

as per the standard miRNA transfection procedure. qRT-PCR verified the overexpression of 

miR-146a compared to the scramble control (Figure 5.3 A). qRT-PCR and western 

immunoblotting were performed to determine the changes in Prnp and PrP expression levels 

introduced by miR-146a. Prnp levels were not impacted following miR-146a overexpression 

(Figure 5.3 B). At the protein level, PrP was approximately 1.3 fold upregulated compared to 

the scramble control (Figure 5.4), suggesting that miR-146a upregulated PrP 

posttranscriptionally in N2a cells. The miR-146a knockdown and overexpression both led to 

increased PrP expression levels, with the PrP upregulation fold being higher following miR-

146a knockdown compared to that following miR-146a overexpression. 
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Figure 5.3 miR-146a overexpression did not change Prnp mRNA level in N2a cells. (A) miR-

146a was overexpressed using miR-146a mimics, and qRT-PCR was used to detect the fold change of 

miR-146a compared to scramble control. U6 was used as the miRNA housekeeping control. (B) qRT-

PCR was used to detect Prnp mRNA level following miR-146a overexpression. Actb and Gapdh were 

used as the mRNA housekeeping controls. The data represents mean value with SD normalized to 

scramble control from more than three experiments. Statistical analysis was performed using paired 

Student’s t-test, *** p < 0.001, N ≥ 3. 

 

 

 

Figure 5.4 miR-146a overexpression induced upregulation of PrP in N2a cells. (A) Western 

immunoblotting was used to detect protein level change of PrP following miR-146a overexpression. 

(B) Protein quantification of PrP protein represents the mean value with SD normalized to the 

scramble control from more than three experiments. β-actin was used as the protein housekeeping 

control. Statistical analysis was performed using paired Student’s t-test, ** p < 0.01, N ≥ 3. 

 

 

To determine the effect of miR-146a rescue in the N2a cell clones, miR-146a was 

overexpressed in clones a9, c9, and f10, as well as in the control px458. The expression levels 

of PrP were normalized to px458 cells transfected with the scramble mimics. Western 

immunoblotting showed that PrP was increased in the clones transfected with scramble 
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mimics compared to px458 transfected with scramble mimics (Figure 5.5), which is in 

accordance with the previous observation. Following miR-146a overexpression, PrP was 

further increased in all the three clones compared to the scramble transfected clones (Figure 

5.5), indicating that miR-146a level restoration led to further upregulation of PrP level in N2a 

clones. It was verified that both decreased and increased miR-146a levels led to upregulated 

PrP expressions. 

 

 

 

Figure 5.5 miR-146a overexpression in N2a clones further upregulated PrP levels. (A) Western 

immunoblotting was used to detect the protein level changes of PrP following miR-146a 

overexpression in clones a9, c9, and f10. (B) Protein quantification of PrP represents the mean value 

with SD normalized to px458 with scramble mimics, from three experiments. β-actin was used as the 

protein housekeeping control. Statistical analysis was performed using multiple paired Student’s t-

test. ** p < 0.01, *** p < 0.001, **** p < 0.0001, N = 3.  

 

 

miR-146a is predicted to bind to the 3’ UTR of Prnp with its seed sequence CAAGAGU and 

other non-canonical sites in mouse species (Figure 5.6 A); similar binding sites are also 

predicted in human species (529). Luciferase reporters containing the whole region of the 

Prnp 3’ UTR were constructed. Reporter mutants were also constructed by performing point 

mutations in the predicted binding sites, termed Mut1 and Mut2 (Figure 5.6 A). The 3’ UTR, 

Mut1 and Mut2 reporters were co-delivered with miR-146a mimics respectively into 

HEK293T cells for detecting the luciferase luminescence signals. It was found that miR-146a 

mimics repressed the Firefly/Renilla signal of the 3’ UTR reporters compared to Mut1 and 

Mut2 (Figure 5.6 B), indicating that the mutations in the predicted binding sites eliminated 
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the inhibition of miR-146a mimics on Prnp 3’ UTR. This added evidence that miR-146a can 

directly regulate PrP, at least partially due to the direct binding of miR-146a to Prnp 3’ UTR. 

 

 

 

Figure 5.6 miR-146a overexpression inhibited Prnp 3’ UTR luciferase signal. (A) In mouse 

species, miR-146a is predicted to bind to Prnp 3’ UTR with mirSVR score of -0.0627. Prnp reporters 

containing the whole length 3’ UTR and mutations (Mut1, Mut2) were transfected into HEK293T 

cells with miR-146a mimics for the detection of the luciferase signal. (B) At 48 hours post 

transfection, the Firefly/Renilla signal was shown to be lower in 3’ UTR wildtype reporter compared 

to Mut1 and Mut2 reporters. The data represents mean value with SD normalized to Mut1, from three 

experiments. Statistical analysis was performed using paired Student’s t-test, **** p < 0.0001, N = 3. 

 

 

 

5.3.2 miR-146a decreases PrPSc generation and targets inflammatory 

protein TRAF6 in M1000 infected N2a cells 

Prion strain M1000 infected N2a cells were used as the prion disease in vitro models to 

examine the effect of miR-146a on prion protein expression level. Upon PK digestion, PK 

resistant prion protein - PrPres was only detected in the M1000 infected cells (Figure 5.7 A). 

miR-146a overexpression was achieved by delivering miR-146a mimics in both M1000 and 

sham infected N2a cells (Figure 5.7 B). It was also found that the expression level of miR-

146a was higher in M1000 cells, at approximately 1.7 fold, compared to sham cells (Figure 

5.7 B), adding evidence to the observation that miR-146a was constantly upregulated in prion 

disease patients and animal models (357, 360, 455, 456).  
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Figure 5.7 miR-146a were overexpressed in M1000 infected N2a cells. (A) Western 

immunoblotting was used to detect PrP levels in sham and M1000 infected N2a cells with and without 

PK digestion. (B) miR-146a mimics were used to overexpress miR-146a and qRT-PCR was 

performed to detect miR-146a fold changes in sham and M1000 infected N2a cells. The data 

represents mean value with SD normalized to scramble mimics transfected sham cells, from three 

experiments. U6 was used as the miRNA housekeeping control. Statistical analysis was performed 

using multiple paired Student’s t-test, * p < 0.05, **** p < 0.0001, N = 3. 

 

 

miR-146a has been reported to be involved in prion pathogenesis via activating an 

inflammatory pathway (456). IRAK1 and TRAF6 are validated miR-146a targets in immune 

regulation in multiple processes (536). To investigate whether miR-146a can modulate PrP 

levels and invoke the inflammatory response, expression levels of PrP and TRAF6 proteins 

were examined following the overexpression of miR-146a. PrP protein was shown to be 

upregulated in both sham and M1000 cells with miR-146a overexpression (Figure 5.8); 

however, the PrP upregulation in M1000 cells was mild compared to that in sham cells 

(Figure 5.8 B). The expression level of TRAF6 was lower in M1000 scramble cells compared 

to sham scramble control cells (Figure 5.8 C), which is in accordance with the increased miR-

146a in M1000 infected cells (Figure 5.8). Following the miR-146a overexpression, TRAF6 

protein was significantly decreased in both sham and M1000 cells (Figure 5.8), suggesting 

that miR-146a may invoke inflammatory pathway in prion disease cell models via targeting 

TRAF6 protein.  

 

Upon PK digestion at the concentration of 25 µg/ml, PrPres expression level was decreased 

slightly but significantly, compared to scramble mimics transfected M1000 cells (Figure 5.9), 
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indicating that miR-146a overexpression suppressed the generation of PrPSc in M1000 

infected N2a cells. Prion infection was also performed in the N2a cell clones with stable miR-

146a knockdown. However, two trials of M1000 infection both failed to introduce PrPres 

accumulation in N2a cell clones. Serum and culture medium were reported to be factors 

influencing the prion uptake in N2a cells (674, 787, 788). It deserves further investigation to 

reveal the effect of prion infection in the miR-146a knockdown clones. 

 

 

 

Figure 5.8 miR-146a overexpression increased PrP and decreased TRAF6 levels in M1000 

infected N2a cells. (A) Western immunoblotting was used to detect PrP and TRAF6 protein 

expression changes following miR-146a overexpression in N2a sham and M1000 cells. Protein 

quantification of PrP (B) and TRAF6 (C) represents the mean value with SD normalized to scramble 

control transfected sham N2a cells, from more than three experiments. β-actin was used as the protein 

housekeeping control. Statistical analysis was performed using multiple paired Student’s t-test, * p < 

0.05, *** p < 0.001, **** p < 0.0001, N ≥ 3. 
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Figure 5.9 miR-146a overexpression decreased PrPres levels in M1000 infected N2a cells. (A) 

Western immunoblotting was used to detect PrP changes following PK digestion. (B) Protein 

quantification of PrPres represents the mean value normalized to M1000 scramble control, from more 

than three experiments. Statistical analysis was performed using paired Student’s t-test, ** p < 0.01, N 

≥ 3. 

 

 

miR-146a has been demonstrated to be potentially protective by slowing down prion 

progression via directly regulating expression levels of cellular prion protein and the disease 

associated isoform, as well as TRAF6, the key regulator in inflammatory pathways. However, 

the mechanism of miR-146a upregulating PrP and downregulating PrPSc is still not clear. 

 

As discussed in Chapter 4, the miR-29b regulation of PrP may involve AGO protein, the 

critical component of miRISC which can recruit and bind PrP protein to facilitate miRNA 

functions (115, 789). It is speculated that AGO and associated miRISC processing may also 

underlie miR-146a mediated upregulation of PrP and downregulation of PrPSc in N2a cells 

(Figure 5.10). When miR-146a is overexpressed, the requirement for miRISC complexes 

surges, leading to the increased recruitment of PrP to AGO and miRISC through the WG/GW 

domain binding (115), thus driving the generation of more PrP. Meanwhile, miR-146a 

overexpression inhibits PrP expression level through the direct 3’ UTR binding. The less 

extent upregulation of PrP in miR-146a overexpressed cells is likely to be caused by the 

stronger effect of AGO recruitment of PrP than the inhibition effect of miR-146a on PrP 

(Figure 5.10). When miR-146a is stably downregulated by CRISPR/Cas9 gene editing, the 

requirement for miRISC and AGO protein recruitment is eliminated; PrP is de-repressed by 

the knockdown of miR-146a, resulting in the upregulated levels of PrP. In prion infected N2a 

cells, miR-146a overexpression increases PrP in a way similar to that in non-disease cells, but 
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the amount of available non-recruited PrP to transform to PrPSc is limited, resulting in the 

decreased generation of PrPSc. miR-146a overexpression can also induce inhibition of 

TRAF6, which may invoke inflammatory response and contribute to prion pathogenesis 

(Figure 5.10). Overall, the direct binding of miR-146a on PrP encoding gene Prnp, the AGO-

PrP binding effect, and miR-146a mediated inflammatory response, may be the factors 

leading to the upregulated PrP and downregulated PrPSc in prion infected in vitro models. 

 

 

 

Figure 5.10 Potential mechanisms of miR-146a upregulating PrP and lowering PrPSc levels in 

N2a cells. 

 

 

 

5.3.3 miR-146a level is increased in the terminal stage of M1000 infected 

mouse brain 

The prion disease progression in prion strain M1000 infected mice is exhibited in a time-

course manner, with the clinical symptoms starting to appear at week 13, and the mice 

reaching clinical terminal stage at about week 26 (644). The mouse brain tissues collected 

from week 3, 13, and terminal stages were used to detect the miR-146a level changes during 

the disease progression (Figure 5.11 A). It was found that miR-146a was dramatically 

increased in the terminal stage of M1000 infected mouse brain tissues (Figure 5.11 A), 

whereas no changes were observed in the sham infected mice (Figure 5.11 A). In M1000 

infected N2a cells, miR-146a levels were also found to increase compared to the sham 

infected cells (Figure 5.11 B). This added another evidence that miR-146a upregulation in 
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prion disease patients, animal and cell models is a common phenomenon (357, 360, 455, 

456), suggesting that miR-146a also acts as a ‘prion indicator’.  

                      

 

Figure 5.11 miR-146a levels were increased in the brain of mice with terminal stage prion 

disease and in M1000 infected N2a cells. (A) qRT-PCR was used to detect miR-146a level in the 

brain of week 3, 13, and terminal stages of prion infected mice. miR-146a level was increased in the 

terminal stage of M1000 infected mouse brains. The colour bar represents the fold change of miR-

146a normalized to U6. Two mouse brains were used at each time point. (B) qRT-PCR was used to 

detect miR-146a level changes in M1000 infected N2a cells compared to the sham control. U6 was 

used as the miRNA housekeeping control. The data represents mean value with SD normalized to 

sham cells, from three experiments. Statistical analysis was performed using paired Student’s t-test, * 

p < 0.05, N = 3. 

 

 

5.3.4 miR-146a mediated PrP upregulation in other cell lines 

To determine whether miR-146a-PrP regulation is a common pathway in different cellular 

environments, the PrP levels following miR-146a overexpression were analysed in the mouse 

fibroblast cells NIH/3T3, the human neuroblastoma cells SH-SY5Y, the embryo kidney cells 

HEK293T, and the cervical cancer cells HeLa. miR-146a overexpression was achieved using 

miR-146a mimics according to a standard transfection procedure and verified through qRT-

m i R - 1 4 6 a  

w k 3 - 1

w k 3 - 2

w k 1 3 - 1

w k 1 3 - 2

t e r m i n a l - 1

t e r m i n a l - 2

w k 3 - 1

w k 3 - 2

w k 1 3 - 1

w k 1 3 - 2

t e r m i n a l - 1

t e r m i n a l - 2

P r i o n  t i m e  c o u r s e  m i c e  b r a i n

s h a m

M 1 0 0 0

1 . 0

1 . 5

2 . 0

2 . 5

A B 

sham  M1000  
0.0

0.5

1.0

1.5

2.0

F
o

ld
 c

h
a
n

g
e

miR-146a expression

*

N=3N2a cells



164 
 

PCR. In miR-146a overexpressed cells, PrP levels were either significantly upregulated, or 

exhibited a non-statistically significant trend towards upregulation, compared to the scramble 

controls, in NIH/3T3 cells, SH-SY5Y cells, and HEK293T cells (Figure 5.12). No changes in 

PrP levels were detected in HeLa cells (Figure 5.12). These data suggest that the miR-146a-

PrP regulation is not limited to N2a cells; miR-146a mediated PrP expression level changes 

may function to facilitate other physiological functions of PrP in distinct circumstances. 

 

 

 

Figure 5.12 PrP was upregulated by miR-146a in NIH/3T3, SH-SY5Y, and HEK293T cells. (A) 

Western immunoblotting was used to detect the levels of PrP following miR-146a overexpression in 

NIH/3T3 cells, SH-SY5Y cells, HEK293T cells, and HeLa cells. (B-E) Protein quantification of PrP 

represents the mean value with SD from more than three experiments. Scramble mimics transfected 

cells were used as the normalization control, β-actin was used as the protein housekeeping control. 

Statistical analysis was performed using paired Student’s t-test, * p < 0.05, N ≥ 3. 

 

 

 

5.3.5 Preliminary evaluation of PrP and TRAF6 levels in miR-146a 

transgenic mice  

To extend the research scope of miR-146a mediated prion protein and inflammatory factor 

regulations from in vitro cell models to in vivo models, CRISPR/Cas9 engineering (638) was 

utilized to generate miR-146a knockout mice (Figure 5.13 A). The mouse strain can be used 
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to reveal the effect of miR-146a knockout in mice development, behavioural, and other 

physiobiological functions of miR-146a, and in prion disease progression. CRISPR cassette 

and two gRNAs targeting mmu-mir-146a were microinjected into fertilized oocytes; miR-

146a coding gene sequences went through double strand breaks (DSBs) and non-homologous 

end joining (NHEJ) repair pathway, forming insertions, deletions, or/and mutations on the 

targeted sites (611, 658). Upon the zygotes forming blastocysts, they were transferred to the 

embryo of surrogate mice for generating miR-146a transgenic founder mice (F0). The F0 

mice exhibited two different miR-146a genotypes, including miR-146a wildtype (miR-

146a+/+) and hemizygous (miR-146a-/+). The miR-146a-/+ mice were further inbred until miR-

146a knockout (miR-146a-/-) mice were generated (Figure 5.13 A). C57BL/6 mice were used 

for generating miR-146a transgenic mice. Delivery of two or more gRNAs targeting different 

sites of gene coding sequences can result in more efficient knockdown of a gene/miRNA 

(section 3.3.3) (611). Different to gRNAs used to knockdown miR-146a in in vitro models 

(section 3.3.3), the gRNAs targeting mmu-mir-146a was designed to localize outside of its 

gene sequences; the gRNAs include gRNA1-1, 1-2, and gRNA2-1, 2-2 (Figure 5.13 B). Two 

gRNAs containing one from each side were co-delivered with the CRISPR cassette to the 

mice zygotes to facilitate the complete deletion of mmu-miR-146a sequences (Figure 5.13 B).  
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Figure 5.13 Generation of miR-146a knockout mice using CRISPR/Cas9 gene editing. (A) 

Diagram depicting the procedure of generating miR-146a knockout mice. (B) Design of gRNAs 

targeting mmu-mir-146a. gRNA1 and gRNA2 were co-delivered into the zygotes for miR-146a 

editing. 
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Two miR-146a transgenic mouse strains have been developed earlier. One is a miR-146a 

conditional mutant strain that can generate a lacA tagged null allele when combined with Flp 

or Cre recombinase expressing strains (790); the phenotype of this strain has not been 

characterized (790). The other miR-146a knockout strain utilized a floxed NEO cassette to 

disrupt 295 bp of genomic region spanning miR-146a precursor sequences. The strain has 

been reported to be fertile and normal in size, and starts to develop lymphoproliferative and 

myeloproliferative disease by 6~8 months of age (791-801). The mice exhibit enhanced 

inflammatory response to endotoxin challenge (793, 794), and increased numbers of 

regulatory T (Treg) cells are found in the periphery (791, 795, 798, 799). As mice age, they 

develop anemia, lymphopenia and tumors in mostly spleen (792, 797, 800). Prostate 

hyperplasia is detected in homozygotes as early as 9 months, and early prostatic 

intraepithelial neoplasia (PIN) lesions at 12 months, with 60% of homozygotes developing 

PIN by 15 months of age (796). miR-146a knockout mice on 129.B6 background have a 

survival rate of less than 20%, while approximately 40% on C57BL/6 background survive 

past 500 days, as compared to more than 80% survival rate of the wildtype controls (791). 

Due to the presence of FVB in this strain, albino coat colour has occurred in the colony (791). 

 

The miR-146a transgenic mice developed here showed no reproductive deficiency, since 

homozygous mice (miR-146a-/-) breeding pairs are eligible to generate off-springs. No 

appearance or developmental abnormalities were observed in mice aged up to 12 months old. 

The miR-146a-/+ and miR-146a-/- mice were observed to develop enlarged spleen starting at 

6-8 months of age. Seizures were observed on two 10-month-old miR-146a-/- mice and one 9 

month-old miR-146a-/+ mouse; whether this is correlated with miR-146a knockdown or 

knockout needs further investigation through monitoring a larger group of mice. 

 

To perform a preliminary analysis of the expression patterns of PrP and TRAF6 proteins in 

this mice model, brain tissues have been collected from 4 wildtype mice, 8 hemizygous mice, 

and 6 homozygous mice (Figure 5.14). It was shown by western immunoblotting that in male 

mice aged at 33 weeks, higher expression levels of PrP were exhibited in homozygous miR-

146a-/- mice compared to the hemizygous miR-146a-/+ mice (Figure 5.14 B); in male mice 

aged at 39 weeks, PrP was slightly upregulated in miR-146a-/- mice compared to the wildtype 

control (Figure 5.14 B). In 38~42 week old female mice, the PrP levels were also higher in 

miR-146a-/- mice compared to the miR-146a-/+ mice (Figure 5.14 C), indicating that miR-

146a knockout is likely to induce upregulation of PrP in the mouse brain. The thalamus is the 
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brain region that is mainly affected in GSS prion patients, and also in M1000 infected mice 

(644, 802, 803). In the thalamus of two homozygous male mice aged at 39 weeks, PrP was 

found to significantly increase compared to one wildtype mouse (Figure 5.15 A and B); qRT-

PCR detection also exhibited increased mRNA level of Prnp in the two homozygotes 

compared to the wildtype mouse (Figure 5.15 C), implying that miR-146a can potentially 

regulate both mRNA and protein expression levels of PrP when completely knocked out. The 

in vivo regulation of miR-146a on PrP protein is in accordance with the miR-146a-PrP 

regulations in cell models (section 5.3.1). 

 

 

 

Figure 5.14 Preliminary data showed an increasing trend of PrP levels in the brain of miR-146a 

knockout mice. (A) Western immunoblotting was used to detect PrP levels in the brain of transgenic 

miR-146a mice with different genotypes, ages and genders. Protein quantification of PrP levels in (B) 

33 weeks male mice with hemizygous (-/+) and homozygous (-/-) genotypes, (C) 39 weeks male mice 

with wildtype (+/+) and -/- genotypes, and (D) 38~42 weeks female mice with -/+ and -/- genotypes. 

PrP expression level was normalized to the 20 weeks old male +/+ mouse. β-actin was used as the 

protein housekeeping control. Western immunoblotting was repeated for 3 times.  
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Figure 5.15 PrP protein and Prnp mRNA levels were increased in the thalamus of miR-146a 

knockout mice. (A) Western immunoblotting was used to detect the expression levels of PrP in the 

thalamus isolated from brain of two miR-146a knockout mice and one wildtype mouse. (B) Protein 

quantification was performed by normalizing the expression level of PrP from two knockout mice to 

the wildtype mouse. β-actin was used as the protein housekeeping control. (C) qRT-PCR was used to 

detect Prnp level in the thalamus isolated from the brain of two miR-146a knockout mice and one 

wildtype mouse. Prnp expression level in miR-146a knockout mice was normalized to the wildtype 

mouse. Actb was used as the mRNA housekeeping control.  

 

 

 

Western immunoblotting and qRT-PCR were also used to analyse the expression levels of 

TRAF6 – the miR-146a inflammatory target, in the brain tissues of miR-146a transgenic 

mice. It was shown by western immunoblotting that in male mice aged at 39 weeks, higher 

expression levels of TRAF6 protein were exhibited in homozygous miR-146a-/- mice 

compared to the wildtype mice (Figure 5.16 A and B); in 38~42 weeks old female mice, the 

TRAF6 expression levels were also higher in homozygous miR-146a-/- mice compared to the 

hemizygous miR-146a-/+ mice (Figure 5.16 A and C), indicating that miR-146a knockout is 

likely to induce the upregulation of TRAF6 protein in mouse brain. In the thalamus of the 

two homozygous miR-146a-/- male mice aged at 39 weeks, TRAF6 protein was found to 

increase compared to one wildtype mouse (Figure 5.17 A and B); qRT-PCR analysis also 

exhibited increased mRNA level of Traf6 in the two homozygotes compared to the wildtype 

mouse (Figure 5.17 C), implying that miR-146a can potentially upregulate both mRNA and 

protein expression levels of TRAF6 when completely knocked out.  

 

These data suggest that miR-146a knockout in mice is likely to induce the upregulation of 

PrP and TRAF6 proteins, as well as Prnp and Traf6 mRNAs. The protein regulation patterns 

by miR-146a are in accordance with the miR-146a-PrP and miR-146a-TRAF6 modulations in 
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cell models. Larger numbers of age matched miR-146a knockout and wildtype mice are 

needed for more comprehensive analysis and comparison. Transcriptome profiling will help 

to identify the miR-146a mediated regulation network and associated physiological functions. 

It also deserves further investigation as whether miR-146a knockout mice have altered prion 

progression. Prion strain inoculation on miR-146a knockout mice, or on its cultured brain 

slice, will help to answer this question. 

   

 

Figure 5.16 Preliminary data showed an increasing trend of TRAF6 levels in the brain of miR-

146a knockout mice. (A) Western immunoblotting was used to detect TRAF6 level in the brain of 

transgenic miR-146a mice with different genotypes, ages and genders. Protein quantification of PrP 

level in (B) 39 weeks male mice with wildtype (+/+) and homozygous (-/-) genotypes, and (C) 38~42 

weeks female mice with hemizygous (-/+) and homozygous (-/-) genotypes. TRAF6 expression level 

was normalized to the leftmost 39 weeks old male +/+ mouse in (B) and the leftmost 42 weeks old 

female -/+ mouse in (C) respectively. β-actin was used as the protein housekeeping control. Western 

immunoblotting was repeated for three times.  
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Figure 5.17 TRAF6 protein and Traf6 mRNA levels were increased in the thalamus of miR-146a 

knockout mice. (A) Western immunoblotting was used to detect the expression levels of TRAF6 in 

the thalamus isolated from the brain of two miR-146a knockout mice and one wildtype mouse. (B) 

Protein quantification was performed by normalizing the expression levels of TRAF6 from two 

knockout mice to the wildtype mouse. β-actin was used as the protein housekeeping control. 

Experiments were repeated for three times. (C) qRT-PCR was used to detect TRAF6 level in the 

thalamus isolated from the brain of two miR-146a knockout mice and one wildtype mouse. TRAF6 

expression levels in miR-146a knockout mice was normalized to the wildtype mouse. Actb was used 

as the mRNA housekeeping control. Experiments were repeated for three times.  
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5.4 Discussion 

miR-146a has been constantly detected to be upregulated in prion disease patients, animal 

and cell models and has been labelled as an ‘inflammatory regulator’. This chapter revealed 

the mechanisms underlying the upregulated miR-146a levels in prion disease models, and 

investigated whether miR-146a mediated inflammatory pathway was involved in prion 

pathogenesis. 

 

miR-146a was shown to upregulate cellular prion protein expression when overexpressed and 

stably downregulated in neuronal N2a cells. miR-146a mimic rescue in N2a cell clones 

further upregulated the expression levels of PrP. The PrP encoding gene Prnp was validated 

to have binding sites for miR-146a in its 3’ UTR and was a direct target of miR-146a. In 

prion disease cell models, miR-146a overexpression inhibited the expression level of TRAF6 

protein, the key regulator of NF-kB inflammatory pathway, implying the potential 

involvement of the inflammatory response triggered by miR-146a dysregulation in prion 

disease. miR-146a exhibited a protective role in slowing down prion progression via 

decreasing the amount of PrPSc in prion infected N2a cells when overexpressed. miR-146a 

was detected to be at higher levels in the brain tissue of prion infected mice at the terminal 

disease stage and in prion infected N2a cells comparing to the control mice and cells 

respectively. The miR-146a-PrP regulation was also detected in other cell lines, including 

NIH/3T3 cells, SH-SY5Y cells, and HEK293T cells. In miR-146a transgenic mice generated 

using CRISPR/Cas9 gene editing, enlarged spleen was observed in hemizygotes and 

homozygotes mice at 6~8 months of age compared to the wildtype mice, suggesting the 

critical role of miR-146a in immune regulation. PrP and TRAF6 were also demonstrated to 

increase in the brain of homozygotes compared to the hemizygotes or wildtype mice. The 

study suggests that miR-146a mediated PrP upregulation is a common phenomenon in both in 

vitro and in vivo models; miR-146a potentially invokes inflammatory pathway via targeting 

TRAF6 and has a protective role in prion disease. 

 

The upregulation of PrP by miR-146a in both high and low expression levels, and the miR-

146a overexpression induced downregulation of PrPSc possibly involve the direct targeting of 

miR-146a on PrP, and the recruitment of PrP to AGO protein (115). These two factors 

contribute to an overall mild upregulation of PrP expression level following miR-146a 

overexpression, a significant increase of PrP following miR-146a knockdown, and less PrPSc 
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generation upon miR-146a overexpression in prion cell models. The correlation of PrP and 

miR-146a was firstly reported in diabetic db/db mouse brain, wherein enhanced cellular prion 

protein level and decreased miR-146a was observed (779); administration of miR-146a 

mimics loaded into exosomes were shown to decrease the expression levels of prion protein 

(779). This observation gave rise to a possibility that miRNA mimics dosage may affect the 

contribution factor of AGO-PrP binding in the overall miR-146a mediated PrP expression 

level changes in N2a cells. A large dosage will accelerate the recruitment of PrP by AGO 

binding, and drive the synthesis of further PrP. The factor balances between miR-146a-Prnp 

binding and PrP-AGO binding need to be further investigated. 

 

The innate immune response has also been reported to interfere with prion disease 

progression (804, 805). CpG oligodeoxynucleotides was shown to stimulate TLR-9 

expressing cells of the innate immune system, and prolong the survival times of RML prion 

strain infected mice compared to saline treated mice (804). Increased miR-146a expression 

level was concurrent with the onset of prion deposition and the appearance of activated 

microglia, suggesting the role of miR-146a in regulating microglial activation state during 

prion induced neurodegeneration (456). Dysregulation of miR-146a can also activate the pro-

inflammatory transcription factor NF-kB, and the JAK-STAT signalling pathway in response 

to TLR2 stimulation (456). TRAF6 and IRAK1 have been proven to be the direct targets of 

miR-146a in pathologies associated with immune dysregulation (536). Here in this study, the 

preliminary observation of the enlarged spleen in transgenic miR-146a mice at 6~8 months of 

age gave us a glimpse of the critical role of miR-146a in innate immune regulation. TRAF6 

protein and mRNA were found to be under the modulation of miR-146a in non-disease cell 

models, prion infected cells, and in the thalamus and whole brain of miR-146a transgenic 

mice, holding promise for the novel inflammatory pathway in miR-146a mediated prion 

pathogenesis.  

 

More work need to be done to examine the expression status of cellular prion protein and 

inflammatory targets in miR-146a knockout mice. Based on the current in vitro study and 

preliminary evaluation of miR-146a transgenic mice, miR-146a can upregulate cellular prion 

protein level in both cell and mouse models, and showed ability to decrease the generation of 

prion protein disease associated isoform in prion infected cell models. It deserves further 

investigation to reveal whether prion disease progression will be altered in miR-146a 

knockout mice. Prion strain inoculation of mice has been a standard tool to establish prion 
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disease in vivo models (34). Additionally, organotypic brain slice culture has been used for 

brain tumor invasion and neurotoxicity mechanistic studies (806-808). Prion pathogenesis 

can be reproduced in organotypic brain slice culture exposed to prion strain infection (809-

811), thus serve as a faster and efficient alternative method. It holds promise to examine the 

prion disease progression in miR-146a knockout mice using either prion inoculation of miR-

146a knockout mice or prion infection of brain slices from miR-146a knockout mice, which 

will help to define the functional roles of miR-146a in prion disease. 

 

Overall, the dual roles of miR-146a as both prion protein and inflammatory regulators have 

been established. miR-146a showed the ability to affect the generation of prion protein 

disease associated isoform posttranslationally via regulating cellular prion protein. miR-146a 

mediated inflammatory signalling pathway involving TRAF6 was also revealed to participate 

in the prion disease pathogenesis. Genomic and proteomic profiling and analysis of miR-146a 

transgenic mice will help to establish a comprehensive regulation network of miR-146a. 

Prion infection in miR-146a transgenic mice holds great promise in determining the 

functional roles of miR-146a in prion disease pathogenesis in in vivo model, and in 

evaluating the therapeutic potential of miR-146a in curing prion disease. 
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CHAPTER 6 - DISCUSSION AND FUTURE DIRECTIONS 

 

The dysregulated miR-29b and miR-146a signatures from numerous studies of prion diseases 

and other neurodegenerative diseases sparked the interest to investigate the functional roles 

and regulatory pathways of these miRNAs in this thesis. The validated miRNA targets, 

including miR-29b targets SP1 and BACE1 in various pathologies, miR-146a targets TRAF6 

and IRAK1 in immune dysregulation associated disorders, and their correlations with the key 

protein of prion diseases – prion protein, raised the possibility that miR-29b and miR-146a 

may be involved in prion pathogenesis via indirectly or directly regulating prion protein 

expression levels and affect its transformation to prion protein disease associated isoform. In 

order to unveil the regulation patterns of miRNAs in different cellular environments and 

species, to select suitable in vitro models for studying the functional roles of miRNAs, and to 

identify alternative miRNA targets in prion pathogenesis, the first part (chapter 3) of the 

thesis worked on characterising the regulation patterns of miR-29b and miR-146a, using 

various human and mouse cell models subjected to CRISPR/Cas9 miRNA editing of miR-

29b and miR-146a respectively. Chapters 4 and 5 further identified the functional roles and 

regulatory pathways of miR-29b and miR-146a respectively in prion cell models and 

extended the study to in vivo models. 

 

6.1 Summary of major findings 

Despite the short length of miRNA gene sequences, CRISPR/Cas9 gene editing was used to 

effectively knockdown miR-29b and miR-146a in vitro and knockout miR-146a in in vivo 

models. The off-target effects of CRISPR editing of miRNAs on miRNA family members, 

global miRNA expression levels, and on predicted off-targets were assessed. It was revealed 

that CRISPR/Cas9 editing is highly specific at recognizing and cleaving target genome loci; 

however, it may affect the expression levels of other miRNAs or/and genes although no 

nucleotide sequence changes are introduced. Transcriptome profiling of the miR-29b 

knockdown clones revealed the multiple roles and novel targets of miR-29b in fibrosis 

regulation, tumorigenesis, cell cycle regulation, and neurodegeneration. The distinct and 

partially similar regulation patterns of miR-29b were revealed, and the miR-146a editing 

induced global miRNA profile changes were also identified to be similar between cell lines. 

The functions of miR-29b and miR-146a in prion disease were further investigated; both 

miRNAs were found to regulate prion protein PrP and decrease the formation of disease 
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associated isoform PrPSc, wherein the PrP and AGO protein interaction may be involved. 

Cst3, Mt2, Ywhag and Serpinh1 are potential novel targets of miR-29b in prion pathogenesis, 

whereas miR-146a can directly target PrP, and induce the inflammatory pathway in miR-

146a dysregulation induced prion pathogenesis. 

 

6.2 Advantages and limitations of CRISPR/Cas9 editing of miRNAs 

CRISPR mediated miR-29b knockdown is highly specific at editing the miR-29b genes 

sequences; no nucleotide changes were detected on the genome loci of its family members. 

Despite being predicted as the off-targets, downregulated Fkbp1a in the NIH/3T3 cell clones 

and upregulated H3F3B and JAK1 in Hela cell clones are likely to be the ‘on-target’ effect of 

miR-29b editing rather than ‘off-target’, since they have predicted binding sites for miR-29b 

in their 3’ UTRs (529). miR-29b editing did cause the downregulation of mature miR-29a 

and miR-29c; the close genome localizations between miR-29a and miR-29b-1 genes, and 

miR-29b-2 and miR-29c genes, may render them to be affected by the miR-29b gene editing 

induced changes on the tertiary structures and promoter stabilities (437, 440). 

 

In miR-146a editing, two or more gRNAs co-delivered at the same time led to complete 

knockout of miR-146a in HEK293T cells. miR-146a editing caused expression level changes 

of other miRNAs in a similar manner in N2a and HEK293T cells, indicating a common miR-

146a-miRNA interaction network in these two cellular environments (812, 813). miR-146a 

knockout in mice was achieved using two gRNAs targeting each side of the miR-146a gene 

sequences, resulting in the complete cleavage of the mmu-mir-146a gene sequences. The 

cleaved nucleotides surrounding mmu-mir-146a gene are much shorter compared to the 295-

nucleotide deletion in the miR-146a transgenic mice generated using embryonic stem cells 

(ESCs) injected with a floxed NEO cassette (800, 801). The CRISPR-miR-146a knockout 

mice also appear normal in coat colour compared to the albino coat colour in the other strain 

(791). These features make CRISPR-miR-146a mouse strain an unbiased in vivo model to 

study miR-146a physiological and pathological functions. CRISPR/Cas9 mediated gene and 

miRNA editing also shows great potential in facilitating gene/miRNA therapies. For 

example, CRISPR/Cas9 editing system can be packed into exosomes (814), which can cross 

the blood-brain-barrier (BBB) and be delivered into the brain parts to target brain disease 

associated proteins, mRNAs, or/and miRNAs (815, 816). 
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Limitations do exist in CRISPR/Cas9 gene editing. The non-homologous end joining (NHEJ) 

repair mediated CRISPR editing is more commonly used than the homology directed repair 

(HDR) mediated editing. However, NHEJ repair facilitates gene and miRNA knockdown by 

introducing random insertions, deletions or/and mutations in the targeting area. Therefore the 

same gRNA is likely to introduce different modifications in the target sequences even among 

individual cells from the same cell line (611). Multiple cell clones can be tested for the 

expression patterns of target gene/miRNA and off-targets, thus to select the cell clones with 

the least off-target effect and most efficient gene/miRNA knockdown. Precise modifications 

of target nucleotide sequences can be done through HDR mechanism by introducing a repair 

template. However HDR occurs at lower and more variable frequencies than NHEJ and is 

only active in dividing cells (611). In the case of a miRNA or gene having more than one 

genome loci, all genomic sites need to be targeted by one or more gRNAs at the same time to 

facilitate a complete and unbiased editing, although in the case of miR-29b, mmu-mir-29b-1, 

other than mmu-mir-29b-2, is likely to be the major genome locus to generate mature miR-

29b (section 3.3.1.3) (470). Additionally, when designing gRNAs for editing miRNAs, 

gRNAs that potentially target the miRNA family members should be avoided. The gRNA 

design should also consider the surrounding environments of the target loci, such as the genes 

and promoters that may be affected (615). Nucleotide deletions in the genome may cause 

disturbance in the genes or miRNAs surrounding the targeted area due to the end codon shift, 

tertiary structure changes, or promoter stability changes for miRNA clusters that share the 

same promoters (442, 450). Using a ‘scramble repair template’ to edit the target area via 

HDR mechanism may minimize this effect. In the case of miRNA editing, the distribution 

and availability of miRNA induced silencing complex (miRISC) may be affected and in turn 

disrupt other miRNA expressions and functions (748). Genetically modified cells using 

CRISPR/Cas9 system should be passaged a few times in order to eliminate the effect caused 

by the sharp drop down of the expression levels of miRNA or gene;  

 

6.3 Common and distinct mechanisms of miR-29b and miR-146a functions 

in prion disease 

miR-29b and miR-146a can both regulate PrP, and decrease the formation of PrPSc in prion 

disease cell models. This is the first time that PrPSc generation was found to be affected by 

miRNAs. miR-29b-PrP and miR-146a-PrP modulations are likely to share a common 

mechanism involving the AGO-PrP interactions. When miR-29b or miR-146a is 
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overexpressed, PrP is recruited to AGO protein (115), the key component of miRISC, to 

facilitate the miRNA functional pathway, thus driving the synthesis of more PrP, retaining 

the recruited PrP and inhibiting the amount of available PrP to transform to PrPSc. The PrP-

AGO interaction during miRNA overexpression can be tested by monitoring the localization 

changes of PrP and AGO proteins, the gene and protein expression level changes of AGO 

proteins, including AGO1 and AGO2, as well as measuring the amount of newly synthesized 

PrP before and after miRNA overexpression in cells. This will also help to identify the PrP 

trafficking route during the recruitment. AGO protein was reported to bind to PrP via its 

octapeptide repeat region (115); PrP constructs containing mutations on the octapeptide 

region can be used to identify the precise binding sites. There also exists a possibility of the 

over-dosage of miRNA mimics increasing the contribution of AGO-PrP binding factor in the 

overall miR-29b and miR-146a mediated PrP expression. miRNA mimics transfection in cells 

with varied mimic concentrations will help to reveal the effect of this factor.  

 

Prion infected cells do not exhibit prion disease phenotypes, thus cannot reflect the different 

stages of prion progressions (817). The expression levels of miR-29b were not changed in the 

prion infected NIH/3T3 cells, however were increased in the middle pre-symptomatic stage 

of prion infected mice. miR-146a was increased in both prion infected N2a cells and in the 

terminal stage of prion infected mice, which is in accordance with the reported miR-146a 

upregulation in prion disease animal models (360, 456). The distinct expression patterns of 

miR-29b and miR-146a in prion disease reflect their roles in different stages of prion 

progression, which surely involve miRNA specific mechanisms. 

 

miR-29b-SP1 and miR-29b-Ppp2ca regulations are not the determinant factors in miR-29b 

mediated upregulation of PrP. Transcriptome profiling of miR-29b knockdown clones 

revealed Cst3, Serpinh1, Mt2, Ywhag to be the potential miR-29b targets in regulating PrP 

and PrPSc. These potential miR-29b targets have been reported to be prion disease diagnostic 

biomarkers or be dysregulated during the prion pathogenesis (710-713, 743-745). The 

detection of Cst3 in the non-amyloid stage of prion disease (776) is in accordance with the 

increased miR-29b level in the pre-symptomatic stage of prion infected mice, wherein the 

prion aggregates start to accumulate in mouse brain. The expression levels of Cst3, Serpinh1, 

Mt2, and Ywhag and their encoded proteins can be detected in miR-29b overexpressed cells, 

miR-29b stable knockdown clones, and prion infected mouse brain, using qRT-PCR and 
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western immunoblotting, which will provide more information on the target effect of miR-

29b on these genes and their involvement in prion pathogenesis. 

 

Another potential explanation of miR-29b induced upregulation of prion protein may involve 

the nucleus localization of both miR-29b and PrP, and the miRNA-AGO-FXR1 mediated 

activation of miRNA targets. Both human and mouse miR-29b are predominantly localized to 

the nucleus (470); the hexanucleotide terminal motif of miR-29b acts as a transferable 

nuclear localization element that directs the nuclear enrichment of miR-29b (470). The 

primary sequences of PrP also contain two nuclear localization signals (NLS) at positions 24-

27 and 101-110 in mice (818, 819). PrP has been detected in the nucleus in dividing cells in 

human enterocytes and in intestine in vivo, as well as in islet and neuronal cells (820), and the 

nuclear PrP is more stable when localized in the nucleus than at the membrane (88). It has 

been reported that translational activation of specific mRNAs in immature oocyte and 

mammalian G0 cells provides a means to maintain that state for extended durations (821). 

For example, miR-16 has been shown to activate its target Myt1 when translocated to the 

nucleus, wherein it binds to the miRNA functional proteins containing AGO and FXR1 

(413). PrP has been involved in the dynamics of the cell cycle and in controlling the cellular 

switch between self-renewal and differentiation (822). Treatment of human embryonic stem 

cells (hESCs) with recombinant PrP folded into an α-helical conformation delayed the 

spontaneous differentiation and helped to maintain the high proliferation activity of hESCs 

(823). Therefore the upregulation of PrP by miR-29b in NIH/3T3 cells potentially involves 

the PrP activation by miR-29b when the cells are transiting to cell cycle arrested status due to 

the increased cell density post transfection. To test out this hypothesis, cells can be seeded at 

a much lower density for miR-29b mimics transfection, and be harvested at 24 hours post 

transfection wherein most cells are in cell proliferating status; the expression levels of 

cytoplasmic and nuclear PrP can be examined and compared to that in the 48 hours 

transfection cases. The localizations of miR-29b and PrP can also be tracked by the 

immunofluorescence staining before and after the transfection. 

 

The regulation mechanisms of miR-146a in prion disease pathogenesis also showed distinct 

features. The dual roles of miR-146a as cellular prion protein and inflammatory factor 

regulators were described in prion disease. It can directly target PrP through binding to the 3’ 

UTR of Prnp, it can also target and inhibit the expression levels of inflammatory regulator 

TRAF6 protein. miR-146a transgenic mice exhibited enlarged spleen starting at 6~8 months 
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of age compared to the wildtype mice (804, 805), indicating the critical role of miR-146a in 

immune and inflammatory regulation, which is likely to be a causative event in prion 

pathogenesis. Other inflammatory response factors, such as IRAK1 (544, 572, 824), may also 

be involved in miR-146a mediated inflammation pathway in prion disease. Histological 

analysis and detection of the inflammatory cytokine levels will help to determine the immune 

regulation network of miR-146a. PrP has been reported to be upregulated and exert protective 

roles against cellular stresses (63, 65). Therefore miR-146a induced inflammatory response 

may act as a stress stimulus to PrP, leading to the upregulation of PrP in prion disease as a 

protective mechanism. Prion inoculation of miR-146a knockout mice will help to determine 

the overall effect of miR-146a loss-of-function on prion disease progression, on the survival 

time of the mice, and on the inflammatory and neurotoxicity changes. Transcriptome and 

proteomics profiling of these mice will reveal miR-146a targets, which will help to establish 

the regulatory network of miR-146a in prion disease pathogenesis. 

 

miR-29b and miR-146a mediated regulations in prion disease pathogenesis share similar and 

distinct features. When miR-29b or miR-146a is overexpressed, PrP-AGO interaction is 

likely to be the major determinant of the expression levels of PrP; however, in miRNA 

knockdown cells or mice, miR-29b or miR-146a downstream targets are in turn the main 

factors in regulating prion pathogenesis. These factors may work together or independently to 

be involved in the miRNA-PrP-PrPSc and miRNA-inflammation pathways depending on the 

cellular environment and intracellular miRNA levels.  

 

6.4 The selective feature of miRNA-target modulations 

It was observed that miR-29b and miR-146a mediated target regulations and pathways follow 

certain modulation patterns. The differentially expressed genes (DEGs) following miR-29b 

knockdown revealed partially similar, as well as distinct physiological functions of miR-29b 

between NIH/3T3 cells and HeLa cells. miR-29b was revealed to have cell type specific 

functions, such as cell microtubules organization and neurodegeneration in NIH/3T3 cells, 

and cellular response to stimuli, cellular senescence and epigenetic regulation in HeLa cells. 

Distinct miR-29b targets are involved in the common miR-29b functions including fibrosis, 

tumorigenesis, and immune regulation in the two cell lines.  
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miR-29b-PrP, miR-29b-BACE1, miR-29b-APP and miR-29b-SP1 regulations were detected 

following miR-29b gain or loss-of-function in various cell lines. miR-146a-PrP, and miR-

146a-TRAF6 pathways were also observed in both in vitro and in vivo models. These 

miRNA-target pathways are likely to be the common mechanisms to facilitate the 

physiological roles of miRNA in various pathologies. Besides, the miRNAs also exhibited the 

ability to selectively switch on or off the regulations on targets in distinct cellular 

environments. miR-29b was shown to upregulate PrP in NIH/3T3, N2a, HEK293T and SH-

SY5Y cells; however, miR-29b negatively regulates PrP expression in HeLa cells. The 

opposite miR-29b-Mt2 regulations may underlie the distinct miR-29b-PrP pathways in these 

two cell lines, wherein Mt2 serves as a diagnostic biomarker of prion disease patients (710, 

745). Upregulated CCND1, encoding for cyclin D1 protein, in miR-29b knockdown HeLa 

clones may also mediate the upregulation of PrP to facilitate the physiological role of PrP in 

cell cycle regulation in Hela cells (770). Other factors, such as the secondary or tertiary 

structures of the miRNA target mRNA locus, the surrounding genes, and 5’ UTR or coding 

region binding sites (777), the effect of transient and stable expression level changes of a 

miRNA, may also contribute to the distinct regulation features of a miRNA.  

 

Besides the miR-29b-BACE1 pathway (450), the role of miR-29b in AD is further 

highlighted by the novel miR-29b-APP pathway. The miR-29b-PrP and miR-146a-PrP 

pathways are potential common mechanisms in facilitating the miRNA roles in prion disease 

and the other PrP physiological functions. miR-146a-TRAF6/IRAK1 regulations are also 

involved in a variety of immune malfunction associated disorders (544, 572, 798, 824). 

Overall, miR-29b and miR-146a exhibit cell-type specific functions and have distinct targets 

that are involved in similar mechanisms in different cellular environments. miRNA 

demonstrates the ability to selectively switch on or off distinct targets and regulatory 

pathways depending on cellular or organism environment. 

 

6.5 Implications for miRNA therapy in prion diseases and AD 

Loss of miRNA homeostasis is likely to affect prion pathogenesis, bringing the therapeutic 

potential of miRNA therapies. Unbalanced expressions of miR-29b and miR-146a can 

regulate PrP expression levels and decrease PrPSc formation, thus potentially slowing down 

prion progression. miRNAs are multifunctional genes, miR-146a dysregulation can also 
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induce the inflammatory pathway, which has also been shown to play potential roles in 

regulating prion pathogenesis. 

 

It is worth to investigate whether miR-146a transgenic mice have an altered prion progression 

using brain inoculation or brain slice culture methods; the miR-146a regulation mechanisms 

can be unveiled by examining the neurotoxicity, miRNA profile changes, transcriptome or 

proteomics changes in prion infected miR-146a knockout mice or the brain compared to non-

infected miR-146a transgenic mice. miR-29b and miR-146a both exhibit protective roles in 

prion disease, thus can be considered as joint miRNA therapeutics to slow down prion 

disease progression and alleviate the inflammatory status. miR-29b is also a potential 

therapeutic in AD, via regulating disease associated key proteins APP and BACE1, or/and via 

modulating the expressions of PrP, which has protective roles in AD by regulating APP 

processing (329, 330), Aβ toxicity (345) and tau transcription (347). miR-29b therapeutic in 

AD can also utilize its potential targets identified through transcriptome sequencing that are 

involved in Aβ clearance and tau hyperphosphorylation status, including Lrp1, Cst3 and Saa3 

(706-709).  

 

6.6 Final conclusions and remarks 

Overall, the studies in this thesis provided the first characterization of the miRNA regulation 

patterns in different cellular environments in human and mouse species, and also revealed for 

the first time that miRNAs, including miR-29b and miR-146a, are critical regulators of the 

prion disease proteins. The abilities of miR-29b and miR-146a to affect the generation of 

prion protein disease associated isoform posttranslationally and potentially impact prion 

disease progression were also demonstrated. miR-29b novel targets, the dual roles of miR-

146a as a PrP regulator and an inflammatory invoker, as well as the PrP interaction with the 

miRNA function complex miRISC, may underlie the miRNA regulatory mechanisms in prion 

pathogenesis. miR-29b and miR-146a mediated regulations of neurodegeneration associated 

proteins are common mechanisms in multiple physiological and pathological processes. miR-

146a knockout mouse models will provide key information on the inflammatory functions 

and in vivo therapeutic applicability of miR-146a. miR-29b and miR-146a hold great 

potential to be the novel anti-prion therapeutics in treating prion diseases in the future. 
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