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Abstract 

MicroRNAs (miRNAs, miRs) are a class of small non-coding RNAs that regulate 

gene expression through specific base-pair targeting. The functional mature miRNAs 

usually undergo a two-step cleavage from primary miRNAs (pri-miRs), then 

precursor miRNAs (pre-miRs). The biogenesis of miRNAs is tightly controlled by 

different RNA-binding proteins (RBPs). The dysregulation of miRNAs is closely 

related to a plethora of diseases. Targeting miRNA biogenesis is becoming a 

promising therapeutic strategy.  

HuR and MSI2 are both RBPs. MiR-7 is post-transcriptionally inhibited by the 

HuR/MSI2 complex, through a direct interaction between HuR and the conserved 

terminal loop (CTL) of pri-miR-7-1. Small molecules dissociating pri-miR-7/HuR 

interaction may induce miR-7 production. Importantly, the miR-7 levels are 

negatively correlated with Parkinson’s disease (PD).  

PD is a common, incurable neurodegenerative disease causing serious motor deficits. 

A hallmark of PD is the presence of Lewy bodies in the human brain, which are 

inclusion bodies mainly composed of an aberrantly aggregated protein named α-

synuclein (α-syn). Decreasing α-syn levels or preventing α-syn aggregation are under 

investigation as PD treatments. Notably, α-syn is negatively regulated by several 

miRNAs, including miR-7, miR-153, miR-133b and others. One hypothesis is that 

elevating these miRNA levels can inhibit α-syn expression and ameliorate PD 

pathologies. 

In this project, we identified miR-7 as the most effective α-syn inhibitor, among the 

miRNAs that are downregulated in PD, and with α-syn targeting potentials. We also 

observed potential post-transcriptional inhibition on miR-153 biogenesis in 

neuroblastoma, which may help to uncover novel therapeutic targets towards PD. 

To identify miR-7 inducers that benefit PD treatment by repressing α-syn expression, 

we developed a novel technique RNA Pull-down Confocal Nanoscaning (RP-CONA) 

to monitor the binding events between pri-miR-7 and HuR. By attaching FITC-pri-

miR-7-1-CTL-biotin to streptavidin-coated agarose beads and incubating them in 

human cultured cell lysates containing overexpressed mCherry-HuR, the bound RNA 
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and protein can be visualised as quantifiable fluorescent rings in corresponding 

channels in a confocal high-content image system. A pri-miR-7/HuR inhibitor can 

decrease the relative mCherry/FITC intensity ratio in RP-CONA. With this technique, 

we performed several small-scale screenings and identified that a bioflavonoid, 

quercetin can largely dissociate the pri-miR-7/HuR interaction. Further studies 

proved that quercetin was an effective miR-7 inducer as well as α-syn inhibitor in 

HeLa cells.  

To understand the mechanism of quercetin mediated α-syn inhibition, we tested the 

effects of quercetin treatment with miR-7-1 and HuR knockout HeLa cells. We found 

that HuR was essential in this pathway, while miR-7 hardly contributed to the α-syn 

inhibition. HuR can directly bind an AU-rich element (ARE) at the 3’ untranslated 

region (3’-UTR) of α-syn mRNA and promote translation. We believe quercetin 

mainly disrupts the ARE/HuR interaction and disables the HuR-induced α-syn 

expression.  

In conclusion, we developed and optimised RP-CONA, an on-bead, lysate-based 

technique detecting RNA/protein interactions, as well as identifying RNA/protein 

modulators. With RP-CONA, we found quercetin inducing miR-7 biogenesis, and 

inhibiting α-syn expression. With these beneficial effects, quercetin has great 

potential to be applied in the clinic of PD treatment. Finally, RP-CONA can be used 

in many other RNA/protein interactions studies. 
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Lay summary 

DNA is the basic information unit carried in the human body that make everyone 

unique. DNA codes instructions which our bodies follow to make RNA. There are 

two types of RNA. One called ‘coding RNA’ that guides the production of proteins, 

which are essential for building up all living organisms. While the other type is 

known as ‘non-coding RNAs’ that are not converted into proteins. MicroRNAs 

(miRNAs, miRs) are one of the subtypes of non-coding RNAs. MiRNAs can bind to 

specific coding RNAs and prevent them producing proteins. Abnormal miRNA 

levels can affect the functions of corresponding proteins, so are often linked to 

human diseases.  

Parkinson’s disease (PD) is a common disease affecting people’s movement, 

especially in the elderly. The cause of PD is still not fully understood and there is no 

cure for it. Scientists have found that PD may be related to the deposits of a protein 

called α-synuclein (α-syn) in human brain. Eliminating these deposits and lowering 

α-syn levels may prevent progression of this disease. 

MiR-7 is a miRNA that effectively reduces α-syn level. In PD patients, miR-7 level 

is often lower than it is in healthy people. The production of miR-7 can be slowed by 

a protein named HuR through direct binding. Therefore, drugs that stop HuR from 

interacting with miR-7 may help with miR-7 production, and decrease the level of α-

syn, which will finally benefit PD patients.  

Here we developed a new tool named RP-CONA. In RP-CONA, the miR-7 RNA 

will appear as green rings, while the HuR protein as red rings. If a drug stops HuR 

from interacting miR-7, the red rings will appear fainter but there will be no effect on 

the green rings. Using RP-CONA we found that a drug called quercetin can largely 

reduce the brightness of red rings. Additionally, we proved that quercetin could 

increase miR-7 levels while decreasing α-syn levels. By controlling the levels of 

RNA and protein, quercetin may become a drug used to treat PD in the future. 

Furthermore, as RP-CONA can be used to monitor the binding events of different 

RNA and proteins, it will be a very useful tool for the discovery of novel drugs for 

other human diseases. 
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Introduction 

1. The biogenesis and functions of microRNAs 

MicroRNAs (miRNAs, miRs) are a class of short non-coding RNAs that act as post-

transcriptional regulators of gene expression. In 1993 the first miRNA, lin-4, was 

uncovered as a negative regulator of lin-14 gene expression during Caenorhabditis 

elegans development1. However, not until the discovery of the widely conserved let-

7 in 20002 were these two small RNAs characterised as members of a large miRNA 

family which spans across most complex organisms3. According to the miRNA 

database miRbase v22, 2,654 mature human miRNAs have been annotated so far4. A 

recent estimation of the total number of bona fide miRNAs in Homo sapiens is 

2,3005.  

1.1 The canonical pathway of miRNA biogenesis 

Most miRNAs are derived from hairpin-like structures as a part of longer transcripts, 

named primary miRNAs (pri-miRNAs, pri-miR), which are mainly transcribed by 

RNA polymerase II (Pol II)6. In animals, pri-miRNAs undergo canonical biogenesis 

to produce mature, functional miRNAs (Figure 1). In the nucleus, pri-miRNA is 

cleaved by the Microprocessor. The Microprocessor complex consists of one 

molecule of the RNase III enzyme Drosha and two molecules of the DGCR8 protein 

(known as Pasha in flies and nematodes)7, 8. Drosha recognises the basal junctions 

(single strand-double strand junction) of pri-miRNAs and cuts at a specific distance, 

while DGCR8s bind to the apical junctions (double strand-terminal loop junction) 

and ensure accuracy of the cleavage activity8, 9. The product of the Microprocessor 

cleavage is a 60-80-nt stem-loop intermediate, termed precursor miRNA (pre-

miRNA, pre-miR)10. The pre-miRNA is subsequently exported from the nucleus to 

the cytoplasm by the protein Exportin-5, in a RanGTP-dependent manner11. In the 

cytoplasm, another RNase III enzyme Dicer excises the apical loop of the pre-

miRNA, leaving a ~22-nt miRNA duplex, with a ~2-nt 3’ overhang on each strand12. 

Dicer associates with TAR RNA-binding protein (TRBP) and PACT, both of which 

are double strand RNA-binding cofactors involved in Dicer cleavage13. The duplex is 

loaded into Argonaute (AGO) proteins with the help of the Hsc70/Hsp90 chaperone, 
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to assemble the RNA-induced silencing complex (RISC). The strand with less 5’ 

stability is usually retained and becomes the functional mature miRNA, while the 

passenger strand is ejected from the AGO proteins 28. The mature miRNA derived 

from the 5’ arm or 3’ arm is annotated as 5p or 3p respectively. 

 

Figure 1 Canonical pathway of miRNA biogenesis. The pri-miRNA is transcribed 
from the miRNA gene by RNA polymerase II. The transcript harbours one (or more) 
hairpin-like structure which is recognised and cleaved by the Microprocessor to 
produce a stem-loop pre-miRNA. The pre-miRNA is exported to the cytoplasm by 
the aid of Exportin-5 and RanGTP. In the cytoplasm the pre-miRNA is further 
processed by Dicer, resulting in a miRNA duplex. The duplex is then loaded into 
AGO proteins where only one strand is selected as the mature miRNA and the 
passenger strand is ejected and degraded. The mature miRNA is incorporated into 
AGO proteins to form the RISC assembly. Figure was drawn in BioRender. 

1.2 Non-canonical pathways of miRNA biogenesis 

Non-canonical miRNAs are produced through Drosha or Dicer independent 

pathways. One class of miRNAs arise from intronic precursors, characterised as 
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mirtrons. Mirtrons rely on splicing factors and a lariat debranching enzyme, 

bypassing Drosha cleavage to generate pre-miRNA-like hairpins14, 15. The pathway 

then merges with the canonical biogenesis pathway for Exportin-5 mediated nuclear 

export and Dicer processing15. 

Another class of miRNAs that evade Microprocessor cleavage are endogenous small 

hairpin RNAs (shRNAs). In this pathway a m7G capped pre-miRNA is yielded 

directly by Pol II transcription16, 17. The hairpin transcript is preferentially exported 

by Exportin-1 and proceed to Dicer cleavage in the cytoplasm. However, only the 

3p-miRNA is favoured during AGO-mediated RISC assembly17. 

There are a few miRNAs derived from other types of small non-codling RNAs, such 

as tRNAs and small nucleolar RNAs (snoRNAs). These allow the generation of 

hairpin-like Dicer substrates from Drosha-independent processing mechanisms18. For 

example, murine γ-herpesvirus 68 (MHV68) pri-miRNAs are transcribed by Pol III 

harbouring tRNA moieties. tRNA processing enzyme tRNase Z is responsible for the 

initial cleavage, before the miRNAs entering the remaining maturation steps19. 

snoRNA ACA45 is identified as a miRNA precursor, which requires Dicer and an 

unknown nuclease during processing, but not the Microprocessor20. In Giardia 

lamblia, where Drosha is absent, miR-2 is originated from the GlsR17 snoRNA 

through Dicer digestion21.  

Mammalian miRNA-451 is a paradigm of a miRNA liberated through an alternative 

Microprocessor-dependent, but Dicer-independent pathway of biogenesis. Pri-miR-

451 is first processed by Drosha and DGCR8. The resultant pre-miRNA, however, is 

too short to become a Dicer substrate, instead, the 3’ arm of pre-miR-451 is directly 

cleaved by AGO222. The 3’ end is then further trimmed by the poly(A)-specific 

ribonuclease, to make the mature RISC23. 

1.3 Mechanism of miRNA-mediated gene silencing 

Metazoan miRNAs function by base-pairing with the target mRNAs, usually at the 3’ 

untranslated regions (UTRs). This leads to interference with the translational 

machinery and repression of  the encoded proteins24. Target recognition is largely 

determined by complementarity between the seed region (2nd to 8th miRNA 
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nucleotides from its 5’) and the target site, whereas the first nucleotide of the miRNA 

is bound by AGO25, 26. Additional base-pairs beyond the seed, especially nucleotides 

13-16, also contribute to the target recognition26.  

MiRNA mediates gene silencing through translational inhibition or mRNA decay. 

These two modes are interconnected, with a dominant percentage of silencing 

activities caused by mRNA degradation26.  

In humans, only AGO2 possesses silencing activities among the AGO1-4 proteins27. 

Additional factors are recruited by AGO proteins to mediate gene silencing. GW182 

proteins play a vital role in this, by interacting with AGO proteins and linking the 

downstream factors including the cytoplasmic poly(A)-binding protein (PABPC) and 

cytoplasmic deadenylase complexes PAN2–PAN3 and CCR4–NOT28. The mRNA 

decay process is initiated with deadenylation by PAN2-PAN3 and CCR4–NOT. The 

deadenylated mRNAs are then decapped by decapping protein 2 (DCP2), with the 

aid of a few decapping cofactors. After that, the mRNAs are degraded by 5′-to-3′ 

exoribonuclease 1 (XRN1)29. Meanwhile, translation repression is achieved by 

interfering with the translation initiation through the eukaryotic initiation factor 4F 

(eIF4F) complex (Figure 2). Unfortunately, the precise mechanism remains 

debated28.  

 

Figure 2 Mechanism of miRNA-mediated gene silencing in metazoan. The 
miRNA recognises the target mRNA (purple) at the 3’-UTR. The base-pairing occurs 
at seed region, with additional base-pairs formed at 3’ of miRNA. The miRNA is 
incorporated with AGO to form the RISC complex, which interacts with GW182 at 
the N-terminus. GW182 in turn binds the PolyA-bound PABPC, as well as the 
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deadenylase complexes PAN2-PAN3 and CCR4-NOT. The mRNA deadenylation is 
catalysed by the PAN2-PAN3 and CCR4-NOT complexes. It is followed by 
decapping by DCP2 and its co-enzymes. Finally, the deadenylated and decapped 
mRNA is rapidly degraded by XRN1. Besides mRNA decay, miRNA also mediates 
gene silencing through the repression of translation initiation. This is achieved by 
interfering with the activity or assembly of the eIF4F complex. Figure was drawn in 
BioRender. 

1.4 MiRNA functions implicated in diseases 

MiRNAs are grouped into families, according to similarities in their seed regions26. 

One miRNA can target multiple genes. For example, human miR-155 has been 

identified to target 173 genes according to miRTarBase 202030. Conversely, one 

mRNA can be regulated by more than one miRNA. Experimental evidence has 

shown that the human tumour suppressor gene PTEN (phosphatase and tensin 

homologue) is co-regulated by up to 83 miRNAs30. Strikingly, more than 18,000 

miRNA-mRNA interactomes have been identified using the CLASH technique31. All 

these suggest that miRNAs assemble a complicated interactive network in the human 

genome that contributes to cellular function and homeostasis.  

It has been well established that miRNAs play pivotal roles in controlling 

development and maintaining homeostasis in different organisms32. Despite that 

most of the endogenous miRNAs exhibit modest repression on individual targets in 

vivo, loss of a single miRNA can lead to serious phenotypical consequences33. This is 

partially due to some miRNAs targeting a wide spectrum of genes, which are key 

regulators of functional bioprocesses or signalling pathways. miR-155 knockout (KO) 

mice developed immunodeficiency, as miR-155 controls a range of genes involved in 

immune responses34. Since miR-128 targets are major components of the ERK2 

network, miR-128 deletion activated ERK2 phosphorylation indirectly, resulting in 

an increased motor activity and fatal epilepsy in mice35. Furthermore, some miRNA-

mediated phenotype changes can be observed in a stress-dependent manner. For 

example, the miR-208 KO mice only displayed impaired cardiac remodelling in 

different cardiac stress models, but not under normal physiological conditions36. This 

evidence implies that miRNAs are fine tuners of gene expression, which buffers 

expression networks against environmental or genetic stress33. 

However, miRNAs can present abnormal activities, as a result of genetic alteration, 
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epigenetic modification, as well as dysregulated biogenesis37. Aberrant levels of 

numerous miRNAs are tightly related to a variety of human diseases38.  

1.4.1 Cancer 

MiRNA signatures have been identified in cancerous specimens with the help of 

next-generation sequencing (NGS) techniques, covering a wide range of solid 

tumours and hematologic malignancies39. Some miRNAs are known as tumour 

suppressors, by constantly silencing oncogenes, while some miRNAs are defined as 

oncomiRs, which drive oncogenic events40. However, the underlying mechanism 

could be much more intricate. 

Epithelial-mesenchymal transition (EMT) is a common feature during tumorigenesis, 

contributing to invasive and metastatic activities of cancer cells41. Members of the 

miR-200 family are considered as EMT mediators through epigenetic regulation42. 

Briefly, CpG island hypermethylation drives miR-200 silencing, which upregulates 

the target proteins ZEB1 and ZEB2, and in turn, downregulates the downstream 

epithelial marker E-cadherin. These changes are responsible for EMT in a plethora of 

cancers, including colon cancer and lung cancer42. Additionally, emerging evidence 

has shown miR-200 modulating cancer cell apoptosis and cancer stem cell 

differentiation, emphasising its role as a tumour suppressor43. 

The c-Myc transcription factor coordinates a complex network in human 

malignancies with a diversity of miRNAs. Myc directly activates the transcription of 

the miR-17-92 cluster44. MiRNAs derived from this cluster are frequently 

overexpressed in tumours, such as lymphoma and colon cancer40. Myc also induces 

the expression of other miRNAs that are involved in cancer cell apoptosis, 

angiogenesis and metastasis, such as miR-9 and miR-21445. On the contrary, several 

miRNAs are negatively regulated by Myc, including the well-recognised tumour 

suppressor let-746. This is related to post-transcriptional interruption of let-7 

maturation, which will be described in detail in Chapter 447. The expression of Myc 

is controlled by miRNAs directly or indirectly, presenting interesting feedback loops 

within the Myc/miRNA network45. 
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1.4.2 Neurodegenerative disease 

Some miRNAs are particularly enriched in the human adult brain and are 

fundamental to brain development48. Dysregulation of these miRNAs are frequently 

found in disorders of the central nervous system (CNS), especially in 

neurodegenerative diseases like Parkinson’s disease (PD), Alzheimer’s disease (AD) 

and Huntington’s disease (HD)49. The pathology of PD and the related miRNAs will 

be systematically reviewed in the following two chapters.  

In sporadic AD, the depleted levels of miR-29a/b are correlated with an elevated 

level of its target, BACE150. BACE1 is a β-secretase that cleaves the amyloid 

precursor protein (APP), contributing to amyloid-β (Aβ) accumulation in AD51. The 

knockdown of miR-29a/b in mice resulted in neuronal apoptosis and ataxia 

phenotypes. However, the level changes of BACE1 were not observed in vivo and 

miR-29 knockdown-induced cell death seem to be correlated with the upregulation of 

the VDAC1 (voltage-dependent anion-selective channel 1) protein, a miR-29a target 

that was not predicted before52. 

The abnormal aggregation of the microtubule associated protein tau forms 

neurofibrillary tangles. This is another pathologic feature of AD, known as tauopathy, 

which is regulated by a plethora of miRNAs through various mechanisms53. The 

brain-specific miR-132 has shown neuroprotective effects in mice, and its levels in 

different brain regions are positively correlated with cognitive decline in AD 

patients54. MiR-132 regulates the alternative splicing of the tau mRNA by targeting 

the splicing factors PTPB2 and Rbfox155, 56. It also targets the expression of kinases 

such as GSK3β and ITPKB, acetyltransferase EP300 as well as tau itself, thereby 

inhibiting hyperphosphorylation, acetylation and expression of tau53, 54, 56, 57. 

Interestingly, miR-29a and miR-132 are also dysregulated in HD patient cortices. 

This is accompanied by a mislocalised transcriptional repressor REST58. Moreover, 

the brain-enriched miR-9 is an important player in HD, as it targets the 3’-UTR of 

the REST mRNA while also being targeted by REST59. 

The case of PD will be described in detail in the Chapter 3. 
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1.4.3 Cardiovascular disease 

The cardiac specific miR-208 regulates the balance between the isoforms of primary 

contractile protein MHC in response to cardiac stress and is essential for stress-

induced heart hypertrophy and fibrosis in mice36. The inhibition of miR-208 reduces 

the cardiac remodelling and improves the cardiac function during heart failure in 

hypertension rat models60. Abnormal accumulation of miR-21 in cardiac fibroblasts 

contributes to cardiac dysfunction. MiR-21 activates ERK-MAP kinase signalling by 

inhibiting the expression of SPRY1 (sprouty homologue 1) protein in cardiac failure 

mouse models and induces metalloprotease-2 through repressing PTEN expression in 

ischaemia–reperfusion heart61. However, unlike miR-208, the miR-21 KO mice can 

still develop cardiac remodelling upon different stress, suggesting the existence of 

possible compensating pathways62. On the contrary, miR-1 and miR-133 play 

protective roles against cardiac hypertrophy63. Mice lacking miR-133a developed 

dilated cardiomyopathy with ventricular wall thinning and severe cardiac fibrosis, 

however, without evidence of cardiac hypertrophy64. Nevertheless, miR-1 

exacerbates arrhythmogenesis in myocardial infraction rats65. 

In acute myocardial infraction patients, plasma miR-1, miR-133, miR-208 and miR-

499 are extensively elevated66. More circulating miRNAs have been implied as 

indicators in different cardiovascular diseases, including coronary artery disease, 

atrial fibrillation, heart failure and hypertrophic cardiomyopathy. Although some 

miRNAs have shown inconsistencies in different studies, these miRNAs are still 

promising biomarkers for risk stratification, diagnosis, or prognosis for cardiac 

injuries66, 67.  

1.4.4 Metabolic disorders 

MiR-122 is the most abundant miRNA in the human adult liver, accounting for more 

than 70% of the total hepatic miRNA expression. It regulates a myriad of genes that 

are involved in lipid metabolism and is critical for the survival of hepatitis C virus 

(HCV)68, 69. Antisense inhibition of miR-122 in mice lowers plasma cholesterol level, 

accelerates hepatic fatty acid oxidation, and slows down hepatic lipid synthesis. This 

is concurrent with a reduction of key lipogenic enzymes including stearoyl-CoA 

desaturase 1 (SCD1) and acetyl-CoA carboxylase (ACC2), despite that these 
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enzymes seem not direct targets of miR-12270. Circulating miR-122 is positively 

correlated with risks in obesity, type 2 diabetes, and non-alcoholic fatty liver disease 

(NAFLD)68, 71. 

MiR-143 is recognised as an inducer of adipocyte differentiation72. Consistent with 

this, the miRNA is overexpressed in mesenteric adipose in obesity mice, and the 

level is positively correlated with adipocyte differentiation markers, including 

leptin73. However, the changes of adipocyte morphology and the plasma leptin level 

were not seen in vivo when miR-143 was absent. Despite this, liver miR-143 is 

upregulated in both obesity and diabetes mouse models and it has shown an 

impairment on glucose metabolism through obesity-induced insulin resistance74.  

Adipose-enriched miR-222 is elevated in diabetes and negatively regulates insulin 

sensitivity. It is significantly upregulated in the plasma of diabetic patients, as well as 

in the high-density lipoproteins (HDL) from patients with familial 

hyperchosterolemia75. In particular, circulating miR-222 level is sensitive to insulin 

administration76. With this evidence, miR-222 is annotated as the most promising 

biomarker for metabolic diseases77. 

1.4.5 Immune disorders 

MiRNAs are extensively involved in the regulation of immune homeostasis, 

controlling the development and function of immune cells in both innate and 

adaptive responses. Diseases associated with immune disorders, exemplified by 

autoimmune diseases and haematological cancers, are strongly related to miRNA 

dysregulation78. 

MiR-155 is a key player in the immune system by mediating the expression of 

numerous genes in natural killer (NK) cells, macrophages, T cells and B cells79. 

Suppressor of cytokine signalling 1 (SOCS1) and SH2-domain-containing inositol-5-

phosphatase 1 (SHIP1) are negative regulators of the toll-like receptor pathway and 

are both repressed by miR-155 in immune cells. MiR-155-mediated SOCS1 

inhibition is important in maintaining regulatory T (Treg) cell homeostasis, NK cell 

response to viral infection, as well as antiviral T cell response during chronic 

infection80. The repression of SHIP1 activates Akt signalling and influences B cell 
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differentiation, which may contribute to leukaemia and lymphoma81. MiR-155 also 

targets the myeloid transcription factor PU.1 and activation-induced cytidine 

deaminase (AID), regulating immunoglobulin class switching82. 

MiR-155 is highly expressed in lymphoblastic leukaemia (ALL), chronic myeloid 

leukaemia (CML), Hodgkin's, Burkitt's and diffuse large B cell lymphoma 

(DLBCL)78, 83. The miRNA is also upregulated in autoimmune disorders, for instance, 

rheumatoid arthritis and multiple sclerosis83, 84. Due to its interactions with the 

cytokine network, miR-155 is implicated in inflammatory disorders like allergic 

inflammation and atopic eczema84, 85. Aside from miR-155, miR-146 is another 

miRNA that is frequently dysregulated in immune-related diseases, displaying 

critical roles in the regulation of immune system78, 84. 

1.4.6 Therapies targeting miRNAs 

Owing to the pivotal roles of miRNAs in the onset and progression of diverse 

diseases, emerging miRNA-targeted therapeutics are being studied. Several of the 

therapies have entered clinical trials (Table 1). MiRNA antagonism and miRNA 

replacement are the two major approaches.  
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Table 1 Therapies targeting miRNA entering clinical trials 

Drug Disease 
Target 
miRNA 

Therapy 
type 

Phase 
Trial 

Number 

AZD4076/ 
RG-125 

NASH with type II 
diabetes/ 

pre-diabetes 

miR-
103/107 

ASO(s) I/II NCT02612662 
NCT02826525 

TargomiRs 
malignant pleural 

mesothelioma/ 
NSCLC 

miR-16 
miRNA 
mimic 

I NCT02369198 

MRG-106/ 
Cobomarsen 

cutaneous T-cell 
lymphoma/ 

mycosis fungoides 
miR-155 ASO I/II 

NCT02580552 
NCT03713320 
NCT03837457 

MRG-110/ 
S95010 

wounds miR-92a ASO I NCT03603431 

MRG-201/ 
MiR-29/ 

Remlarsen 
keloid miR-29b 

miRNA 
mimic 

II NCT02603224 
NCT03601052 

MRX34 cancer miR-34 
miRNA 
mimic 

I/II NCT01829971 
NCT02862145 

RG-012/ 
SAR339375/
Lademirsen 

Alport syndrome miR-21 ASO II 
NCT03373786 
NCT02136862 
NCT02855268 

RG-101 chronic hepatitis C miR-122 ASO I/II 

2013-002978-49 
2016-002069-77 
2015-001535-21 
2015-004702-42 

SPC3649/ 
Miravirsen 

chronic hepatitis C miR-122 ASO II 
NCT02508090 
NCT02452814 
NCT01200420 

CDR132L heart failure miR-132 ASO I NCT04045405 

 

Mir-33 mediates cholesterol trafficking by targeting the cholesterol transporter 

ABCA186. Antagonism of miR-33 induces plasma HDL in mice and monkeys, 

suggesting therapeutic potentials towards atherosclerosis, dyslipidaemia, and other 

metabolic diseases86, 87. Nevertheless, long-term therapeutic repression of miR-33 in 

high-fat diet mice may trigger adverse events such as hepatic steatosis and 

hypertriglyceridemia.  

Miravirsen is the most advanced miRNA therapy to date. The drug candidate is a 

locked nucleic acid (LNA) modified antisense oligonucleotide (ASO), which 

sequesters miR-122 through sequence-specific hybridisation88. MiR-122 is essential 

for HCV survival. Upon binding with the 5’-UTR of HCV RNA, miR-122 protects 

the virus from viral RNA decay, activates viral protein translation, and supports virus 



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     24 

replication69, 89. Miravirsen treatment has shown prolonged suppression of HCV 

RNA levels in patients with chronic HCV infection, without observed viral resistance 

in a completed Phase II clinical trial90. RG-101 is another miR-122 targeted HCV 

therapy. The ASO is conjugated with N-acetylgalactosamine (GalNAc) to obtain an 

enhanced hepatocyte uptake91. Unfortunately, the trial of this drug was halted due to 

serious adverse events92. 

Cobomarsen (MRG-106) is an LNA-ASO inhibiting miR-155, a key regulator of the 

human immune system93. This drug targets mycosis fungoides, the most common 

form of cutaneous T-cell lymphoma. Cobomarsen has shown good potency in 

preclinical and Phase I studies and is being investigated in Phase II trials named 

SOLAR and PRISM93, 94. Lademirsen is a miR-21 antisense drug and has entered a 

Phase II trial for Alport syndrome (NCT02855268). The drug exerts kidney 

protective effects by activating PPARα pathway and ameliorating mitochondrial 

function95. CDR132L, an ASO targeting miR-132 exhibited promising safety profiles 

and functional cardiac improvements in patients with chronic ischaemic heart failure 

in a completed Phase 1b trial96 (NCT04045405). 

The first-in-class attempt of miRNA replacement therapy was MRX34, a liposomal 

mimic of the tumour suppressor miR-34a, that entered a clinical Phase I trial to treat 

multiple solid tumours97. However, the trial was terminated as 5 immune-related 

severe adverse events were reported. Another MRX34 Phase I trial targeting 

melanoma was also withdrawn (NCT02862145). TargomiRs is a miR-16 supplement 

therapy, where a double-stranded miR-16 mimic is packaged in EDV nanocells and 

equipped with an EGFR antibody targeting EGFR-expressing cancer cells98. In a 

Phase I trial named MesomiR-1, for the treatment of malignant pleural mesothelioma 

(MPM) and non-small cell lung cancer (NSCLC) (NCT02369198), TargomiRs 

showed good tolerance and safety in patients, with one patient giving significant 

objective response98, 99. Recently, the miR-29 mimic Remlarsen has completed a 

Phase I study including safety evaluation (NCT02603224) and has initiated its Phase 

II trial in keloid formation (NCT03601052). Moreover, several pre-clinical studies of 

miRNA replacement therapies for NSCLC have shown great clinical potential, 

including miR-200c, miR-29b and a miR-34/let-7 combinatory therapy100.  
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Since none of these miRNA-targeted drugs have been approved so far, it is unclear 

whether miRNA antagonism or replacement would be appropriate therapeutic 

strategies, considering the complexity of regulatory networks and the fine-tuning 

characteristics of most miRNAs. Despite this, it is encouraging that a large number 

of studies focus on this field, especially for cancer therapies101.  
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2. Parkinson’s disease 

2.1 Parkinson’s disease (PD): epidemiology, aetiology, and pathology 

PD is the second most common progressive neurodegenerative disease after AD. 

Clinical symptoms of PD are dominated by motor symptoms termed as parkinsonism, 

including resting tremor, muscular rigidity, bradykinesia, and postural instability102, 

103. Some non-motor symptoms are also frequently observed in PD patients, such as 

sleep behaviour disorder, pain, restless legs syndrome and depression104. 

Generally, PD incidence rises with age, and a higher incidence has been found in 

males105. According to a meta-analysis including epidemiological studies before 

2010, the worldwide prevalence of PD is 41 per 100,000 in the 40-49 age group, 

compared to 1,903 per 100,000 in individuals more than 80 years old106. There is an 

increasing trend of total incidence, and it has been estimated that PD will affect about 

9 million people by the year 2030107. 

Unfortunately, the cause of PD is unclear, but it has been gradually accepted that PD 

is contributed by a combination of environmental and genetic risk factors. Pesticide 

exposure has been correlated with late-onset of PD, while smoking, caffeine intake 

and some metabolic factors are often conversely correlated with PD108. Genome-

wide association studies have identified single nucleotide polymorphisms (SNPs) 

associated with an increased risk of PD in several loci, including SNCA, MAPT, 

LRRK2 and BST1109. Further, some specific mutations in SNCA, LRRK2, Parkin, 

DJ-1, PINK1 and VPS35 are monogenic risk factors for PD110.  

A characteristic feature of PD is a loss of pigmented dopaminergic (DA) neurons in 

the substantia nigra pars compacta (SNpc) of the midbrain. The resultant dopamine 

deficiency is considered as the major cause of the motor symptoms of PD. The loss 

of DA neurons can occur in the early stages of PD before the onset of motor 

symptoms and become widespread into other brain regions111, 112. Another hallmark 

of PD is the presence of Lewy bodies, which are intraneuronal, round inclusions 

largely composed by aggregated α-synuclein (α-syn) proteins111-113. Lewy pathology 

is not restricted to PD, but also found in other neurodegenerative disorders like AD 

and dementia with Lewy bodies (DLB) but is only a pathological biomarker for 
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PD112, 114. 

2.2 Molecular pathways of PD pathogenesis 

PD pathogenesis is related to impaired protein homeostasis or proteostasis; aberrant 

synaptic structure and function; as well as mitochondria dysfunction111. In this 

section, I will focus on the α-syn aggregation, as the most prominent aspect of PD 

pathogenesis. 

2.2.1 α-syn aggregation  

α-syn is a small intracellular protein encoded by the SNCA gene. The first missense 

mutation identified in SNCA was p.A53T, from several independent families with 

PD110, 115. Another 5 point mutations (A30P, E46K, H50Q, G51D and A53E), and 

triplication of SNCA are also found in familial PD110, 116. Interestingly, SNCA 

duplication has been reported from both familial and sporadic PD110, 117. 

The N-terminus (residues 1 to 60) of α-syn is made up by a repeated 11-mer 

sequence harbouring a consensus KTKEGV and adopts an α-helical structure upon 

lipid binding. The middle nonamyloid component (NAC) domain (residues 61 to 95) 

is highly hydrophobic and prone to aggregate, while the C-terminal tail (residues 96 

to 140) is flexible and unstructured. Interestingly, all the 6 aforementioned PD-

related SNCA mutations are located in the N-terminus112, 118. All mutations except 

A30P are within the core of α-syn fibrils as presented in a Cryo-EM structure of 

recombinant α-syn (residues 1-121) fibrils119. Additionally, phosphorylation of 

specific residues, including S129 and S87, is also closely associated with α-syn 

aggregation118.  

Soluble, membrane-bound monomeric α-syn undergoes physiological 

multimerisation at presynaptic terminals, where it is believed to regulate synaptic 

transmission118, 120. However, α-syn assembles neurotoxic β-sheet stranded oligomers 

(protofibrils) under pathological conditions, which develop into amyloid fibrils and 

deposit into Lewy bodies120. 

The accumulation of aggregated α-syn seems a result of impaired proteostasis, 

mainly intracellular clearance mechanisms including autophagy-lysosomal pathway 

(ALP) and ubiquitin-proteasome system (UPS)112, 121. Moreover, there is a prion-like 
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hypothesis proposing that the α-syn aggregations can transmit from cell to cell, and 

region to region, leading to progressive propagation of pathology over the CNS. This 

hypothesis has been supported by accumulated evidence over the past decade122.  

The physiological function of α-syn is still under debate. Since α-syn is enriched in 

the presynaptic terminals of neurons, it has been strongly implicated in synaptic 

processes, including modulating synaptic vesicle trafficking, chaperoning SNARE-

complex assembly, and regulating dopamine transporter (DAT)123, 124. α-syn is also 

implicated in regulation of mitochondrial function and Ca2+ homeostasis, as well as 

dopamine biosynthesis125. With respect to interaction with DNA and histones, α-syn 

localised in the nucleus may relate to transcription regulation and histone function, 

but this is still contentious118, 123.  

Due to the lack of knowledge of the physiological function of α-syn, how the 

dysregulated α-syn contributes to the pathogenesis of PD is poorly understood. The 

mechanism may involve a loss-of-function of α-syn in physiological forms, and a 

gain-of-toxicity from α-syn oligomers or fibrils126. The neurotoxicity of α-syn has 

been revealed in the interference of cellular structural components, endoplasmic 

reticulum (ER) and mitochondrial function, as well as protein degradation through 

ALP and UPS118, 127. 

2.2.2 Mitochondrial dysfunction 

PD pathogenesis is closely associated with mitochondrial dysfunction and oxidative 

stress. Toxins inhibiting complex I, a critical component of the electron transport 

chain, can induce dopaminergic neurodegeneration in animals and humans. These 

toxins include 1‐methyl‐4‐phenyl‐1, 2, 3, 6‐tetrahydrodropyridine (MPTP), rotenone, 

pyridaben and so forth128. Together with respiratory chain dysfunction, alteration of 

mitochondrial DNA and imbalanced mitochondrial homeostasis are major factors 

contributing to mitochondria-related pathogenesis in PD. The indispensable function 

of PINK1/Parkin in mitophagy, mitochondrial fusion and fission, as well as vesicular 

trafficking are key to the maintenance of mitochondrial homeostasis129. The protein 

deglycase DJ-1 is involved in mitochondrial respiration and reactive oxygen species 

(ROS) metabolism and plays a role in mitophagy independent from the 

PINK1/Parkin pathway130, 131. Mutations and dysfunction of these proteins in human 
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PD suggests the significance of mitochondrial activities during PD pathogenesis131, 

132. Particularly, there is a reciprocal regulation between mitochondrial dysfunction 

and α-syn aggregation in PD, where oxidative stress and apoptosis are thought to be 

crucial in this relationship131, 133.  

2.2.3 Other pathways 

Neurodegenerative diseases are often accompanied by neuroinflammation, which has 

shown great contribution towards PD progression, although the neuroprotective 

potential of cytokines like tumour necrosis factor-α (TNF-α) cannot be simply 

excluded134. Interestingly, pathogenic α-syn can provoke neuroinflammatory 

activities, while neuroinflammation stimulates α-syn pathology in mice midbrain135. 

Furthermore, motor cortex circuitry activities are altered as a result of dopamine 

deficiency, which can partially explain the movement disorders of PD112. That said, 

other pathways and more complex networks need to be elucidated to fully understand 

the cause of parkinsonism.  

2.3 Treatment for PD 

Currently, there is no cure for PD, but treatments that help to relieve symptoms are 

available. The main approach of medication is to rescue the decreased dopamine 

level, exemplified by levodopa (L-DOPA), dopamine agonists, monoamine oxidase 

type B (MAO-B) inhibitors and catechol-O-methyltransferase (COMT) inhibitors. 

Some non-dopaminergic drugs are under clinical investigation to treat specific 

symptoms. For example, amantadine, an N-methyl-d-aspartate receptor antagonist, 

has already been used in the clinic to relieve L-DOPA-induced dyskinesia. Moreover, 

a range of drugs are applied to treat the non-motor symptoms103, 111, 112. Beyond drug 

interventions, surgical interventions exemplified by deep brain stimulation (DBS) is 

available103. Transplantation of dopamine-producing cells is being tested in clinical 

trials136. 

2.4 Potential therapies for PD 

There are a large number of therapeutic studies targeting different pathogenic 

pathways of PD, covering small molecules, RNA interference (RNAi), gene 

therapies as well as immunotherapies137. Most of the studies are focused on α-syn 
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pathologies, while a few on other targets such as DJ-1 and mitochondrial proteins. 

2.4.1 Therapies targeting α-syn 

It has been reviewed previously that there are 5 major strategies of potential 

treatments for synucleinopathies including PD, DLB and multiple system atrophy 

(MSA)138. Here strong candidate therapies and pioneering studies belonging to these 

5 sections are introduced, and those that have entered clinical trials are summarised 

in Table 2. 

Table 2 Therapies targeting α-syn pathologies in clinical trials for PD treatment 

Name Format Pathway Sponsor Phase 
NPT200-11 Peptidomimetic 

compound 
Anti-α-syn 
aggregation 

Neuropore therapies I 

Anle138b Small molecule MODAG GmbH I 
Lithium Small molecule Intracellular  

α-syn 
degradation 

University at Buffalo I 
GZ/SAR402671 Small molecule Genzyme/Sanofi II 
Ambroxol Small molecule UCL& Lawson  II 
Nilotinib Small molecule Georgetown 

University 
II 

ABBV-0805  Antibody Extracellular  
α-syn 
neutralisation 

AbbVie I 
MEDI1341 Antibody AstraZeneca I 
AFFITOPE® 

PD01A 
Vaccine AFFiRiS I 

AFFITOPE® 

PD03A 
Vaccine AFFiRiS I 

PRX002 Antibody Roche  II 
BIIB054 Antibody Biogen II 
 

1) Repression of α-syn production.  

Delivery of adeno-associated virus (AAV)-shRNA provided a 35% 

knockdown of endogenous α-syn in the substantial nigra of rat brain. The 

RNAi therapeutic showed protective effects towards motor function, striatal 

DA terminals and nigral DA neurons in a rotenone induced PD model, 

without notable toxicity139. However, similar strategies led to nigrostriatal 

degeneration in the SNpc of rats when the α-syn was extensively reduced 

(more than 90%)140. This is confirmed in non-human primates, where PD-like 

patterns were developed by midbrain DA neurons upon α-syn knockdown126. 

The two contradictory cases are consistent with previous evidence that α-syn 
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is critical to neuron survival, and thereby supports the α-syn loss-of-function 

hypothesis for PD. Since α-syn pathology could be a combination of both 

gain-of-toxicity and loss-of-function, the knockdown efficiency of α-syn 

needs to be tightly controlled within a rational level, in terms of safety and 

efficacy of potential RNAi drugs126, 138. Indeed, another siRNA therapy 

reducing SNpc α-syn less than 50% didn’t exhibit neurodegenerative side 

effects in normal squirrel monkeys141. Furthermore, an α-syn-silencing 

shRNA imbedded in a miR-30 backbone showed less toxicity in vitro but is 

still not applicable in vivo142. A diversity of novel vectors carrying RNAi 

oligonucleotides targeting α-syn are being explored and seem to be effective 

in preliminary studies143.  

The injection of AAV-ribozyme reduced α-syn expression in the SNpc of rat 

brain and protected DA neuron apoptosis from neurotoxin144. From a high-

throughput screen, β2-adrenoreceptor (β2AR) agonists (eg. metaproterenol, 

clenbuterol and salbutamol) were identified to transcriptionally inhibit α-syn 

production. Salbutamol intake is associated with a lower risk of PD in 

Norwegians. Clenbuterol can cross the blood brain barrier (BBB) and rescue 

neurotoxicity in PD models in vitro and in vivo145. Synucleozid is a highly 

selective compound designed to bind a structured iron-responsive element 

(IRE) in the 5’-UTR of α-syn mRNA. The molecule inhibits loading of 

functional ribosomes and protects neurons against toxicity conferred by 

preformed α-syn fibrils146.  

2) Prevention of α-syn aggregation 

NPT200-11 is an inhibitor of α-syn oligomerisation. It is developed based on 

a cyclic peptidomimetic compound designed to target the C-terminus of α-syn 

protein147, 148. Administration of the drug candidate has shown ameliorated α-

syn pathology, reduced neuroinflammation and improved motor function in 

transgenic PD mouse models overexpressing human wildtype α-syn147. 

Neuropore therapies has completed a Phase I clinical trial of orally 

administrated NPT200-11, in collaboration with UCB Pharma 

(NCT02606682). The compound anle138b was identified from high-
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throughput screenings which can prevent the formation of α-syn oligomers. It 

is supposed to bind intrinsically disordered proteins, α-syn aggregates in this 

case, but not monomeric proteins. In A30P human α-syn transgenic mice, 

intervention of anle138b lowered the level of brain α-syn oligomers, 

promoted motor performance, and extended disease-free survival149. A phase 

I study has been initiated recently to monitor the oral administration of 

anle138b in healthy subjects (NCT04208152). 

Immunoglobulin based therapies are being extensively studied for PD 

solutions. Antibody fragments expressed intracellularly are termed 

intrabodies, such as single-chain variable fragments (scFVs; linked VH and 

VL) and nanobodies (single domain antibody; VH or VL only). Several 

intrabodies specifically inhibiting α-syn aggregation have been identified150. 

Among these, NbSyn87 and VH14 (NAC14) are anti-α-syn nanobodies. 

NbSyn87 interacts both monomeric and fibril forms of α-syn at C-terminus 

while VH14 binds the NAC domain of α-syn monomer151. Both nanobodies 

gain increased solubility and enhanced α-syn clearance by fusing with a 

proteasome-targeted PEST motif152. In α-syn-overexpressed PD model rats, 

PEST-fused NbSyn87 and VH14 treatment can attenuate pathological α-syn 

aggregation, restore striatal dopamine and induce functional motor recovery, 

to various extent153. 

Other therapeutic approaches focusing on intracellular α-syn aggregation 

activities includes bacteriophage capsid protein and small heat shock proteins 

(HSPs) 138.  

3) Degradation of intracellular α-syn aggregates 

Enzymes involved in ALP are attractive targets for enhancing α-syn 

degradation. Mutations in the glucocerebrosidase gene (GBA) occurs in 7 to 

10% of PD cases, conferring a high risk for PD development154. A decreased 

activity of the lysosomal enzyme glucocerebrosidase (GCase) results in α-syn 

pathology and other PD-related symptoms, which can be rescued by 

exogenous GCase155. Two compounds focusing on GCaseA-related activities 

are now advanced in the development of PD therapy. GZ/SAR402671, a 
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brain penetrating small molecule, can reduce α-syn deposit, but not the 

soluble α-syn in an A53T-SNCA synucleinopathy mouse model, by inhibiting 

the synthesis of a GCase substrate156. Genzyme/Sanofi has launched a 

MOVES-PD Phase II trial of this oral available drug for PD patients carrying 

a GBA mutation (NCT02906020). Ambroxol, an FDA approved drug, is a 

GCase chaperone that restores GCase activity, reduces α-syn pathologies and 

ameliorates motor impairment in different PD rodent models157. In addition, 

oral administration of ambroxol in non-human primates can induce brain 

GCase activity158. In a recently completed Phase II clinical trial 

(NCT02941822), ambroxol was safe and well tolerated. Surprisingly, the 

drug decreased GCase activity and elevated α-syn levels in the cerebrospinal 

fluid (CSF) of PD patients both with and without GBA mutations. The 

outcomes, however, are interpreted positively as an improved GCase activity 

in brain and a facilitated extracellular export of α-syn from the brain 

parenchyma159. In the meantime, another independent placebo-controlled 

Phase II study of ambroxol treating PD dementia (NCT02914366) is 

currently ongoing, which will make the future of the drug clearer160. 

Moreover, another GCase chaperone, isofagomine, has shown promising 

therapeutic potential for PD in pre-clinical studies161. 

An alternative approach is to stimulate macroautophagy through mTOR 

dependent or independent pathways, exemplified by rapamycin and lithium 

respectively. Both molecules exhibit beneficial effects on relieving PD-

related pathologies including α-syn aggregation and mitochondrial 

dysfunction, but with relatively poor selectivity162. A Phase I trial of lithium 

has initiated recruitment very recently to test if the drug can engage blood-

based therapeutic targets implicated in PD (NCT04273932). By inhibiting a 

tyrosine kinase c-Abl, nilotinib treatment induced autophagic clearance and 

lysosomal deposition of α-syn in mice with synucleinopathies163. Nilotinib 

also reversed DA loss and motor deficits that were induced by overexpressed 

α-syn or neurotoxins163, 164. The drug has been approved in the clinical 

treatment of leukaemia, and it is now being repurposed for PD under Phase II 

trials (NCT02954978, NCT03205488). Long-term treatment of nilotinib is 
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safe and tolerated in PD patients and has exerted alterations on exploratory 

CSF biomarkers including oligomeric α-syn levels165. More agents are being 

explored by targeting ALP elements, for instance, transcription factor EB, 

chaperone-mediated autophagy (CMA) regulators as well as lysosomes 

directly162. 

4) Neutralisation of extracellular α-syn 

While anti-α-syn intrabodies are expected to work intracellularly, full-length 

antibodies are utilised to sequester, neutralise, or clear extracellular α-syn, by 

means of either active or passive immunotherapies. Active immunotherapies 

utilise vaccines that can induce immune responses, especially antibodies 

targeting α-syn. So far, synthetic peptide or protein vaccines, DNA vaccines 

and dendric cell-based vaccines specifically designed for α-syn pathologies 

have been tested in preclinical PD models166. A biotechnology company 

AFFiRiS has translated their two vaccine candidates into clinics with a novel 

AFFITOPE® technique. These vaccines contain synthetic small peptides that 

mimic a C-terminal region of α-syn (residues 110-130). During preclinical 

development, active immunisation with these candidates reduced the 

accumulation of oligomeric α-syn and alleviated neurodegenerative pathology 

as well as motor deficits in different transgenic mouse models with 

synucleinopathies. The mechanism could be relevant with activated 

microglial α-syn clearance and boosted anti-inflammatory cytokines167. The 

lead vaccines AFFITOPE® PD01A and PD03A are well-tolerated and have 

triggered good immune responses in most PD patients during Phase I studies 

(NCT01568099, NCT02267434) and extended trials followed up168.  

Passive immunotherapies are normally achieved by the delivery of 

therapeutic antibodies that act on α-syn pathology with high affinity and 

specificity. A few α-syn-targeted antibodies have entered early phases of 

clinical trials, namely PRX002 (Roche), BIIB054 (Biogen), ABBV-0805 

(AbbVie) and MEDI1341 (AstraZeneca)138, 169. PRX002 (prasinezumab) is a 

humanised monoclonal IgG1 antibody that targets α-syn aggregates by 

recognising the C-terminal epitopes. PRX002 is derived from a murine 
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antibody 9E4, which can effectively penetrate in the CNS, clear neuronal α-

syn aggregates via autophagy, and ameliorate behavioural deficits in α-syn 

transgenic mice170. The antibody is thought to block the extracellular C-

terminal truncation of α-syn, therefore preventing α-syn accumulation and 

propagation171. According to two Phase I studies launched by Roche and 

Prothena Biosciences (NCT02095171, NCT02157714), single or multiple 

intravenous infusion of PRX002 demonstrated favourable safety, tolerability, 

and pharmacokinetic profiles, along with a prolonged, dose-dependent 

reduction of free serum α-syn in both healthy volunteers and PD patients. The 

therapeutic antibody did not present immunogenicity, with no anti-drug 

antibody detected172. The outcomes support the design of an ongoing Phase II 

PASADENA trial (NCT03100149). Another human-derived IgG BIIB054 is 

highly selective towards pathological forms of α-syn, through interactions at 

the N-terminal residues. Passive immunisation of this antibody prevented the 

spreading of α-syn pathology while mitigating other PD-like symptoms in 

mouse models inoculated with preformed α-syn fibrils173. BIIB054 performed 

well in a Phase I clinical study (NCT02459886) and is being tested in a Phase 

II trial for treatment and prevention of PD (NCT03318523)174. 

5) Blockage of extracellular α-syn uptake 

Until now, the knowledge about how α-syn is transmitted between neurons is 

very limited. It has been identified that a transmembrane protein lymphocyte-

activation-gene3 (LAG3) is required for the endocytosis of α-syn fibrils. 

LAG3 antibodies attenuated α-syn transmission and pathology in vitro. 

Deletion of LAG3 gene substantially delayed α-syn fibril-induced DA neuron 

loss and behavioural deficits in vivo175. Since LAG3 is a well-identified 

immune checkpoint, cancer immunotherapies targeting this receptor are under 

extensive investigation both pre-clinically and clinically176. Thus, it is 

promising to anticipate LAG3 antibodies to be purposed in PD treatment. 

Another study has shown that α-syn internalisation is also mediated by 

heparan sulfate proteoglycans (HSPGs). Importantly, the uptake of α-syn 

fibrils can be blocked by heparin and chlorate in murine neural precursor cells, 

because of an interfered HSPG function177. Therefore, specific HSPG 
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inhibitors would be interesting agents that prevent the propagation of 

pathological α-syn. 

Here in each category, only the most promising or best developed disease-modifying 

strategies are described. A comprehensive summary of all the α-syn-targeted 

therapeutic attempts for PD treatment can be found in a recent review143. 

2.4.2 Other targeted therapies 

Glycerol phenylbutyrate is being evaluated in a repurposed Phase I study for PD 

(NCT02046434). Prior research has demonstrated that phenylbutyrate can induce 

expression of DJ-1, which works to relieve PD pathologies through multiple 

mechanisms in vitro and in vivo178. By targeting the mitochondrial pyruvate carrier 

(MPC), a compound MSDC-0160 exhibits strong therapeutic potentials in different 

animal models of PD. The modulation of MPC poses an immediate effect on 

mitochondrial metabolism and mTOR signalling, rescuing autophagy and attenuating 

neuroinflammation179. Before the initiation of the first-in-human study of PD, 

MSDC-0160 has shown good safety profiles in patients with diabetes or AD180. 

Several gene therapies delivering glutamic acid decarboxylase (GAD), glial cell line-

derived neurotrophic factor (GDNF) or neurturin gene have once entered clinical 

stage, but the trials were terminated due to financial reasons or failures to meet the 

end points181. Aiming for replacing dopamine loss in PD brains, gene therapies 

(VY‐AADC01 and ProSavin) encoding dopamine biosynthetic enzymes, have seen 

positive clinical outcomes in individuals with PD182. Agonists of glucagon-like 

peptide-1 (GLP-1), including exenatide, lixisenatide and liraglutide, are medications 

prescribed for Type 2 diabetes. Having shown neuroprotective effects relevant with 

reduced insulin resistance, these drugs are under investigation in ongoing clinical 

trials183.  



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     37 

3. MiRNAs and Parkinson’s disease 

The miRNA regulatory network is crucial to the homeostasis of the CNS. 

Dysfunction of proteins responsible for miRNA biogenesis is strongly associated 

with PD. Adults carrying 22q11.2 deletions, where DGCR8 is located, have a higher 

occurrence of early-onset PD184. Notably, deletion of this chromosome segment in 

mice resulted in coordination deficits, along with elevated α-syn expression in the 

SNpc185. Dicer depletion is detrimental to neuron phenotypes, especially midbrain 

DA neurons186. Dicer-ablated mice developed progressive locomotor abnormalities, 

due to a loss of DA neurons in the SNpc187. Differentially expressed miRNAs are 

identified in brain and blood specimens from patients with idiopathic PD188. The 

expression of key proteins involved in PD pathogenesis are regulated by a plethora of 

miRNAs (Figure 3). The following sections provide a systematic review of those 

PD-related miRNAs and their implicated targets, especially α-syn. 

 

Figure 3 MiRNA-mediated network in PD pathology. MiRNAs regulate 
expression of target genes that are involved in the PD pathology including α-syn 
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aggregation, neuronal cell death, neuroinflammation, loss of dopamine, 
mitochondrial dysfunction and oxidative stress. These pathological activities are 
highly connected in PD. MiRNAs showing up more than once are highlighted with 
the same colour. Regulations known to be indirect are linked with dashed lines. 
Circular RNAs functioning as miR-7 sponges are presented. Figure was drawn in 
BioRender. 

3.1 MiR-7  

MiR-7 is the most established miRNA that regulates α-syn. miR-7 effectively 

prevents endogenous α-syn expression in HEK293T cells, through a conserved site 

embedded in the 3’-UTR of the α-syn mRNA189. The interaction site was validated 

using a luciferase reporter, where the α-syn 3’-UTR was encoded downstream of the 

luciferase gene. Overexpressed miR-7 can significantly reduce the luciferase levels, 

which can be rescued by minor mutations within the seed region on α-syn 3’-UTR. 

MiR-7 inhibitors can elevate the endogenous level of α-syn in human DA 

neuroblastoma SH-SY5Y cells and promote the expression of luciferase bearing 

wildtype α-syn 3’-UTR, but not mutated α-syn 3’-UTR189. Notably, miR-7 mediated 

α-syn silencing protects mouse neuroblastoma cells from oxidative stress189.  

The DA neurotoxin MPP+ (1-methyl-4-phenyl-pyridinium) is metabolised from 

MPTP. Both toxins are widely applied to induce PD models in cells or in animals. A 

significant decrease of miR-7 level was observed in MPP+ treated SH-SY5Y cells, 

as well as in the midbrain of MPTP administrated mice, possibly contributing to the 

corresponding α-syn upregulation189. 

MiR-7 is significantly downregulated in the SNpc of PD patients, accompanied by 

evident accumulation of α-syn aggregates190. MiR-7 knockdown induced both 

monomeric and oligomeric α-syn levels in mice SNpc. A loss of tyrosine 

hydroxylase (TH)-positive neurons in SNpc and reduced striatal DA were also 

observed. Although locomotor deficits were not seen upon miR-7 loss, a slight trend 

towards weakened motor activities was noticed in mice190.  

MiR-7 activity can be suppressed by ciRS-7, a circular RNA identified as a miR-7 

sponge, resulting in elevated levels of miR-7 targets, including α-syn191. Of note, the 

expression of ciRS-7 and miR-7 is largely overlapped in the mouse brain191. Circular 

SNCA RNA (circSNCA) serves as another miR-7 sponge, which is upregulated in 
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MPP+ induced neurons and downregulated upon treatment of a dopamine agonist 

drug pramipexole. Decreased sponge RNA levels contributes to restored miR-7 

levels and a re-suppressed α-syn expression, consequently attenuating cell apoptosis 

while enhancing autophagy in a PD cell model192.  

Dysregulated miR-7 and α-syn can be reversed by an antioxidant, Astaxanthin, in an 

MPP+ induced PD model in vitro. A knockdown of miR-7 in an MPTP-induced 

mouse model leads to a deteriorated neuron injury, including athletic performance, 

that can be rescued by Astaxanthin193. Atrazine (ATR) is a herbicide that has been 

previously found to pose DA toxicity in rats194. Rats exposed to ATR manifested 

miR-7 downregulation along with α-syn upregulation in SNpc195. Manganese (Mn) 

exposure is also neurotoxic and implied an association with parkinsonism196. 

Reduced miR-7 level has been detected in Mn exposed SH-SY5Y cells, which 

partially contributes to the raised α-syn mRNA level197.  

Remarkably, injection of miR-7 mimics into the striatum of MPTP-induced PD mice 

ameliorated PD pathogenesis, including less DA neuronal degeneration and 

microglial activation. This highlights a key role of miR-7, which directly inhibits α-

syn in neurons while prevents NLRP3 inflammasome activation in microglia198. 

Beyond PD, miR-7 delivery showed neuroprotective effects against cerebral 

ischemia in vivo, in an α-syn dependent manner199.  

On the other hand, miR-7 facilitates the clearance of α-syn and its aggregates by 

inducing autophagy in neuron-like cells differentiated from human neural progenitor 

cells. Particularly, this is independent of the 3’-UTR of α-syn mRNA200.  

Furthermore, miR-7 also relieves PD pathogenesis through other direct targets via 

the 3’-UTR of their mRNAs. By targeting the expression of RelA, a subunit of the 

nuclear factor-κB (NF-κB) transcription factor complex, miR-7 protects neurons 

from MPP+ induced cell death through the relief of NF-κB depression201. Strikingly, 

this signalling does not rely on the miR-7/α-syn axis201. The same research group 

declared that miR-7 decreased mitochondrial permeability transition pore (PTP) 

through VDAC1 inhibition and accordingly protected neurons treated by MPP+202. 

As α-syn is associated with VDAC1 in brains expressing A53T α-syn mutants, which 

is also relevant to the opening of mitochondrial PTP, miR-7 may work through the 
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repression of both VDAC1 and α-syn synergistically202. The Junn group also 

identified that miR-7 activated the Nrf2 pathway via inhibiting Keap1, thereby 

reducing oxidative stress in the similar PD cell model203. Another study showed that 

the neuron protective role of miR-7 against MPP+ induced apoptosis was achieved 

through Bax and Sirt2204. Additionally, the long non-coding RNA (lncRNA) SNHG1 

negatively regulates miR-7 as a competing endogenous RNA (ceRNA). MiR-7 was 

upregulated as a consequence of SNHG1 knockdown, which in turn repressed 

NLRP3 inflammasome and attenuated neuroinflammation in the SNpc of MPTP-

induced PD mice205. 

In summary, all this evidence points to a paramount importance of miR-7 in the 

aetiology of PD. 

3.2 MiR-153 

MiR-153 has shown inconsistent expression profiles in different types of PD body 

fluid. Reduced miR-153 levels were detected in saliva from PD patients, compared to 

non-neurological controls, though the levels didn’t alter along with disease 

progression or duration206. However, a correlation between the levels of miR-153 and 

α-syn in PD saliva was not observed206. In contrast, exosomal miR-153 was 

overexpressed in PD CSF207. Moreover, plasma miR-153 levels didn’t show 

significant changes in PD patients208. 

MiR-153 is also firmly confirmed as an effective regulator of α-syn, with a 

conserved binding site in α-syn 3’-UTR across vertebrates209. In a transgenic 

parkinsonian mouse model, neural and circulating miR-153 were both downregulated, 

mirrored by a corresponding α-syn accumulation210. The negative regulation of miR-

153 on endogenous α-syn mRNA and protein was confirmed in human M17 

neuroblastoma cells210.  

Similar to miR-7, the expression pattern of miR-153 is negatively correlated with α-

syn mRNA in different tissues and neuronal developmental stages209. Transfection of 

miR-153 significantly decreased both mRNA and protein levels of overexpressed α-

syn in HEK293 cells. Importantly, co-transfection of miR-7 and miR-153 exerted 

additive effects on α-syn209. The combination of miR-7 and miR-153 also mediated a 
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significant reduction on endogenous α-syn expression in primary neurons209. MiR-

153 alone, or together with miR-7, can protect neurons against MPP+ induced 

toxicity by activating mTOR signalling211. Interestingly, co-expression of miR-7 and 

miR-153 rescued the AKT activity, whereas neither of them showed this effect when 

working alone. In contrast, miR-153, but not miR-7, can repress the MPP+ activated 

P38, but the repression is compensated by the addition of miR-7. Although both 

miRNAs activated SAPK/JNK phosphorylation significantly, there was no detectable 

accumulative effect211. In another study, HEK293 cells stably overexpressing both 

miR-7 and miR-153 displayed a significantly lower luciferase level compared to 

wildtype cells, as a response to transient transfection of a luciferase reporter bearing 

α-syn 3’-UTR. The repression could be relieved by MPP+ mediated mitochondrial 

ROS212. Collectively, the coordination between miR-7 and miR-153 remains to be 

elucidated and is likely to be target-dependent. 

One C to A mutation on α-syn 3’-UTR within the seed region of miR-153 has been 

identified in one sporadic PD case, but not in familial PD cases213. The single 

nucleotide variance attenuates the suppressive role of miR-153 through α-syn 3’-

UTR, as shown in a luciferase reporter assay213. It is obvious that more cases are 

required to support the correlation between this mutation and PD pathogenesis.  

A conflicting study reported that miR-153 was upregulated upon MPP+ treatment in 

DA neuroblastoma and it promoted oxidative stress by targeting the Nrf2/HO-1 

pathway214. Also, serum miR-153 levels were elevated in a limited number of PD 

patients214. Similarly, miR-153 was elevated in a 6-hydroxydopamine (6-OHDA) 

induced neurodegenerative cell model, which can be repressed by a neuroprotective 

compound Tanshinone IIA through the miR-153/Nrf2 axis215. 

3.3 MiR-133b 

MiR-133b is specifically enriched in healthy midbrain, but deficient in the same 

region of PD patients186. The miRNA forms a negative feedback regulatory 

machinery with the transcription factor Pitx3 and mediates the maturation and 

function of midbrain DA neurons186. However, PD-associated miR-133b reduction 

was only identified at the tissue level of whole SN, but not in individual DA 

neurons216. Furthermore, miR-133b KO mice showed neither altered midbrain DA 
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neuron morphology, nor impaired motor function217. The level of circulating miR-

133b was significantly downregulated in PD patients, but it did not show a 

correlation with age, disease severity or motor phenotypes208, 218.  

It remains controversial whether and how miR-133b coordinates with α-syn. In 

MPP+ induced PD model cells, miR-133b can ameliorate PD-like phenotypes and 

decrease α-syn mRNA level. It was attributed to an RhoA inhibition mediated by 

miR-133b219. RhoA is a negative regulator of neurite extension and it controls α-syn 

level indirectly220. Yet more evidence is required to prove this miR-133b/RhoA/α-

syn pathway. It has been reported that miR-133b inhibits α-syn expression through a 

direct interaction on the 3’-UTR of α-syn mRNA, using a luciferase reporter assay221. 

However, the targeting site is not canonical, since the first 2-nt of the seed don’t bind. 

Moreover, all the 10-nt of the binding site were completely mutated during site 

validation, which may cause unexpected changes that affect luciferase expression, in 

addition to the abolishment of miR-133b binding221. So, the conclusion of a direct 

regulatory mechanism is not convincing. In addition, the correlation of miR-133b 

with α-syn level in DA neurons was not detected216. 

3.4 MiR-34b and miR-34c 

The clustered miR-34b and miR-34c are downregulated in a wide range of PD brains 

as shown in a global miRNA profiling222. Depletion of miR-34b/c exerts indirect 

inhibition on the expression of Parkin and DJ-1, and triggers mitochondrial 

dysfunction and oxidative stress222. Another study confirmed the reduction of striatal 

miR-34b in early PD223. Moreover, miR-34b regulates the striatal adenosine A2A 

receptor, suggesting a novel regulatory pathway during PD progression223. 

Interestingly, neither miRNA display level changes in CSF of PD patients and only 

miR-34c is significantly reduced in CSF from MSA patients224.  

Both miR-34b and miR-34c repress α-syn expression in human DA SH-SY5Y cells. 

The inhibition of both miRNAs induced α-syn expression and aggregation225. 

TargetScan predicted three binding sites on α-syn 3’-UTR for each miRNA, with two 

miR-34b sites and one miR-34c site proven by luciferase reporter assays225. MiR-

34b/c were downregulated upon extremely low-frequency magnetic fields (ELF-MF) 

exposure in DA SH-SY5Y cells, as a consequence of promoter CpG island 
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hypermethylation226. This stimulates degenerative phenotypes via miR-34b/c 

mediated α-syn regulation. However, similar effects were observed in mouse neurons, 

even though mouse α-syn lacks miR-34b/c binding sites226. Therefore, it is possible 

that more factors are involved in the MF-induced neuron pathogenesis. Nevertheless, 

miR-34b can induce rather than inhibit the expression of a luciferase carrying α-syn 

3’-UTR and this can be abolished by SNPs that block miR-34b targeting227. This rare 

phenomenon may involve other proteins or lncRNAs that compete at this region.  

3.5 MiR-214，miR-199a and miR-3120 

MiR-214 is regulated during neuronal differentiation, and it modulates neurite 

outgrowth in vitro228. A significant reduction of serum miR-214 has been found in 

PD patients, along with a remarkable decrease of miR-141 and miR-193a-3p229. 

Bioinformatic predictions imply these three miRNAs share a common target, DGKQ, 

an enzyme being associated with susceptibility and risk contribution towards PD229. 

The level of miR-214 is attenuated in the midbrain of MPTP induced PD mouse 

models, as well as in MPP+ induced SH-SY5Y cells, with a concomitant increase of 

α-syn expression level. Notably, these changes could be reversed by a 

neuroprotective natural compound Resveratrol230. MiR-214 regulates α-syn 

expression both in vitro and in vivo through the α-syn 3’-UTR, as shown in a 

luciferase reporter study230. However, the binding site has not been validated yet. 

Pri-miR-199a-2 is transcribed in a cluster with pri-miR-214 on chromosome 1, while 

pri-miR-199a-1 is encoded on chromosome 19. Partial miR-199a shares an E-box 

promoter with miR-214, which allows them to be co-regulated transcriptionally231. 

MiR-199a showed a significantly downregulated expression pattern in the peripheral 

blood mononuclear cells (PBMC) of PD patients, as well as in induced pluripotent 

stem cells (iPSC) derived DA neurons from PD patients232.  

MiR-214 has a mirror miRNA named miR-3120, produced by the opposite strand 

from the same locus. MiR-3120 harbours a distinct seed sequence from miR-214, 

thereby they are assumed to target different mRNAs233. Intriguingly, α-syn 3’-UTR 

bears two predicted sites for miR-3120, and one site for miR-214 at a different 

position234. The relationship of miR-3120 and PD has not been reported so far.  
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3.6 MiR-433 

Significant reductions of miR-433 level have been identified in both plasma and CSF 

from human diagnosed with PD208, 235. A PD-associated SNP located in the 3’-UTR 

of fibroblast growth factor 20 (FGF20) could disrupt the binding of miR-433. The 

miRNA is likely to indirectly downregulate α-syn expression by silencing FGF20197, 

236. However, another study claimed that this SNP and miR-433 variations were not 

identified in their cohorts of PD patients237.  

3.7 MiR-132 

MiR-132 is significantly downregulated in the brain of A30P α-syn transgenic mice 

and PD individuals188, 238. The interaction between brain miR-132 and 3’-UTR of α-

syn was identified by HITS-CLIP (high-throughput sequencing of RNA isolated by 

crosslinking immunoprecipitation), which is not predicted by TargetScan239. 

Evidence supporting the regulatory role of miR-132 on α-syn is not available.  

3.8 MiRNAs targeting CMA proteins 

The downregulation of CMA proteins lysosomal-associated membrane protein 2A 

(LAMP-2A) and heat shock cognate protein 70 (hsc70) is in parallel with an 

upregulation of 7 miRNAs in PD brain, of which miR-21, miR-224, miR-373 and 

miR-379 negatively regulate LAMP-2A via its 3’-UTR, while miR-26, miR-106a 

and miR-301b target hsc70186, 240. Overexpression of these miRNAs mediates a 

depression of LAMP-2A or the hsc70 protein, resulting in neuronal accumulation of 

α-syn in vitro240. This suggests that the impairment of α-syn degradation could be 

contributed by miRNAs through inhibition of CMA proteins. The miR-21/LAMP-

2A/α-syn axis was confirmed in PD model cells and mice241. MiR-21 also directly 

targets the anti-apoptotic protein Bcl-2. The depression of miR-21 enhanced cell 

survival in MPP+ treated DA neuronal cells, by inhibiting apoptosis, as well as ROS 

and neuroinflammation242.  

3.9 MiRNAs targeting other PD-related proteins 

Upregulated plasma miR-4639 is considered as a biomarker in early PD diagnosis. 

By targeting DJ-1, overexpressed miR-4639 caused oxidative stress and neuronal 

death in vitro243. MiR-27a/b negatively regulate PINK1-mediated mitophagy, 
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whereas chronic mitophagic flux dramatically stimulates the level of miR-27a/b, 

suggesting a negative feedback circuit upon mitochondrial damage244. MiR-5701 

attenuates the expression of proteins crucial to mitochondrial and lysosomal 

functions. In line with this, the miRNA contributes to the dysfunction of 

mitochondria and ALP, and further sensitises 6-OHDA-stimulated neuronal cell 

death245.  

Pathogenic LRRK2 interferes the inhibitory effect of let-7 and miR-184 on their 

targets, impairing the maintenance and function of DA neurons in flies246. LRRK2 

expression is significantly elevated in PD brains, with an inversely correlated miR-

205 level. As an inhibitive factor of LRRK2, miR-205 can rescue impaired neurite 

outgrowth caused by pathogenic LRRK2247. Moreover, the lncRNA MALAT1 can 

hybridise to miR-205 and exacerbate the MPP+ induced DA neuron death via the 

miR-205/LRRK2 axis248. Interestingly, MALAT1 can positively control the neuronal 

α-syn levels249. Thus, there might be a potential pathway that miR-205 indirectly 

downregulates α-syn by antagonising MALAT1. 

A lower level of miR-124 has been found in the plasma of PD patients, as well as the 

SNpc of PD model mice250, 251. Acting on multiple signalling pathways, miR-124 

shows neuroprotective effects against neurotoxins in vitro and in vivo251, 252. 

Moreover, this miRNA is also inhibited by the lncRNA MALAT1253. Strikingly, the 

intracerebral administration of therapeutic miR-124 nanoparticles induced 

neurogenesis and neuron migration, which further enhanced brain repairment and 

mitigated motor deficits in 6-OHDA lesioned mice254.  

Collectively, miRNAs are playing vital roles in PD pathogenesis. Some miRNAs are 

potential PD biomarkers, despite discrepancies of miRNA profiling among different 

studies. MiRNA supplement or antagonism render an alternative for novel PD 

therapies, especially through inhibiting the synthesis of α-syn. 
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4. Regulation of miRNA biogenesis 

The biogenesis of miRNAs is tightly controlled at both transcriptional and post-

transcriptional levels, giving rise to tissue-specific and development-specific 

expression patterns of different miRNAs255, 256. A summary of examples is presented 

in Figure 4. Regulatory factors affecting miRNA biogenesis are divided by different 

processing stages, including transcription, Microprocessor-mediated processing, 

Dicer cleavage, as well as turnover of mature miRNA.  

 

Figure 4 Regulation of miRNA biogenesis. (A) Transcriptional regulation mediated 
by transcription factors on the miRNA genes. (B) Regulation of Microprocessor-
mediated processing occurs at the terminal loop, stem region or flanking single 
strand of pri-miRNAs. Alternatively, some proteins modulate the function of the 
Microprocessor complex directly. (C) Regulation of Dicer cleavage on the terminal 
loop, stem region or 5’ phosphate of pre-miRNAs. (D) Regulation of mature miRNA 
turnover by RNase or non-coding RNAs. Proteins or non-coding RNAs that 
positively regulate miRNA biogenesis are present in red, while negative factors are 
displayed in green. Those that play dual roles are in black and the targeting sites are 
specified. Ribonucleases are labelled as scissors. Enzymes performing A to I editing 
are notified by a yellow “I” symbol, and the methyltransferase is shown with a blue 
“m” symbol.    
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4.1 Transcriptional regulation 

The transcriptional regulation of miRNAs is similar to that of protein-coding RNAs, 

with their promoters controlled by a selection of transcription factors255. As 

mentioned in the Chapter 1, c-Myc alters the expression of the selected miRNAs that 

are associated with cancer progression. Moreover, p53 promotes transcription of the 

miR-34 family, whereas the production of miR-124 is transcriptionally inhibited by 

REST-mediated activities257. 

4.2 Post-transcriptional regulation 

The conserved terminal loops (CTLs) of miRNA precursors are important features of 

post-transcriptional regulation. CTLs are recognised and bound by specific RNA-

binding proteins (RBPs), resulting in an upregulation or downregulation of mature 

miRNA levels258.  

The following sections will begin with the post-transcriptional regulation of let-7 by 

Lin28 proteins, as their interactions are the best characterised examples. Then I will 

focus on the main research object - miR-7 and its regulatory RBPs, and end up with a 

brief review of other RBP/miRNA pairs.  

4.2.1 Let-7 family and Lin28 proteins 

Let-7 was first discovered as a regulator of stem cell differentiation in C.elegans. 

There are 9 mature let-7 miRNAs in the human let-7 family, encoded by 12 different 

genomic loci259. The biogenesis of let-7 is blocked by Lin28 proteins through the 

interactions with the let-7 CTL260, 261. Let-7a-3 is an exception that evades Lin28a 

regulation262. Lin28 is abundantly expressed in undifferentiated cells and its 

expression declines during differentiation, which is reciprocal to mature let-7 

levels263. Lin28a and Lin28b are two paralogs in human cells, sharing a conserved 

cold-shock domain (CSD) and two tandem Cys-Cys-His-Cys (CCHC) zinc finger 

domains. The CSD domain and CCHC motifs bind the terminal loop of let-7 

precursors at the GNGAY and GGAG motifs respectively264. Lin28a recruits TUT4 

(terminal uridylyltransferase 4) together with the E3 ligase Trim25 to induce a 3’-

uridylation of pre-let-7, thereby, preventing Dicer processing265. Subsequently, the 

uridylated pre-let-7 is degraded by the exoribonuclease DIS3L2266. Alternatively, 
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Lin28b retains pri-let-7 in the nucleoli where the Microprocessor is not available267.   

4.2.2 MiR-7, and HuR/MSI2  

There are three miR-7 loci in the human genome. The predominant expressed pri-

miR-7-1 resides in intron 15 of the hnRNP K gene on chromosome 9, while pri-miR-

7-2 and pri-miR-7-3 are transcribed from chromosome 15 and 19 respectively. The 

levels of pri-miR-7-2 and pri-miR-7-3 are about 100-fold lower than pri-miR-7-1 

level in human tissues268. A qRT-PCR test in glial cells also confirmed that pri-miR-

7-1 was abundantly expressed while pri-miR-7-2 and pri-miR-7-3 were almost 

undetectable269. Mature miR-7 is highly enriched in brain and endocrine pancreas270. 

As described in the previous chapter, miR-7 is a negative regulator of α-syn and the 

overexpression of miR-7 has shown therapeutic benefits to reverse PD pathologies. 

In addition, miR-7 binds to EGFR mRNA via two of the three predicted binding sites 

in its 3’-UTR, inhibiting EGFR expression in human glioblastoma cells post-

transcriptionally271. 

Previously, our group has identified that the biogenesis of miR-7 is regulated by two 

RBPs, namely HuR (Hu protein R, ELAVL1) and MSI2 (Musashi RNA binding 

protein 2), using RNA pull-down–SILAC mass spectrometry (RP–SMS)268, 272. The 

CTL of pri-miR-7-1 is specifically recognised and bound by HuR. HuR recruits 

MSI2 and the two RBPs work synergistically to increase the rigidity of the pri-miR-7 

stem-loop, thereby preventing the cleavage step by Microprocessor. This also 

explains the brain enrichment of miR-7 where MSI2 is weakly expressed268. 

4.2.3 Other miRNA regulations through terminal loop interactions 

As many as 74 pri-miRNAs have been identified with their terminal loops conserved 

across vertebrates273. Generally, regulatory RBPs initiate conformational changes of 

miRNA precursors via their terminal loops and affect the recruitment of key enzymes 

during miRNA biogenesis. 

HnRNP A1 (heterogeneous nuclear ribonucleoprotein A1) functions by binding to 

the CTLs but show dual roles towards different target miRNAs. The tandem RNA 

recognition motifs (RRMs) of hnRNP A1 recognise two UAG motifs of pri-miR-18a 

CTL and allosterically relax the stem-loop structure of the miRNA precursor, 
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facilitating the Drosha-mediated processing274. In contrast, hnRNP A1 negatively 

regulates the biogenesis of let-7a by competing with the positive factor KSRP (KH-

type splicing regulatory protein)275. Aside from let-7, KSRP also promotes the 

maturation of a few miRNAs via CTL interaction, including miR-26b, miR-20, miR-

106a, miR-21, and miR-16276.  

Lin28a inhibits the biogenesis of miR-9 through a uridylation-independent 

mechanism, which is distinct from the let-7 regulation277. MBNL1 competes with 

Lin28 for a UGC motif within the CTL of pre-miR-1. When MBNL1 is sequestered 

by abnormal expansions of CUG or CCUG repeats in myotonic dystrophy, Lin28 

enhances TUT4-mediated uridylation on pre-miR-1 and inhibits Dicer processing278. 

The MCPIP1 ribonuclease directly cleaves the terminal loop of target pre-miRNAs 

and inhibits miRNA biogenesis by antagonising with Dicer, including miR-146a, 

miR-16, let-7g, miR-135b, and miR-143279. 

ZC3H7A and ZC3H7B both recognise the CTL of pri-miR-7-1, and positively 

regulate miR-7 levels280. YB-1 interacts the CTL of the miR-29b-2 precursors and 

antagonises both Drosha and Dicer during miRNA maturation. Downregulation of 

miR-29b by overexpressed YB-1 is responsible for the cell proliferation in 

glioblastoma281. Rbfox3 can positively or negatively regulate the processing of 

selected miRNAs by binding to the terminal loop or stem region respectively. In the 

cases of pri-miR-15a and pri-miR-485, the inducive or reductive effects of Rbfox3 is 

independent of its consensus UGCAUG recognition motif282. However, a later study 

elucidated that the conserved RRM of Rbfox2 recognised the GCAUG motif located 

at the terminal loop of pri-miR-20b and pri-miR-107, and prevented their nuclear 

processing283. An hnRNP protein TDP-43 facilitates the processing of some pre-

miRNAs, such as pre-miR-143 and pre-miR-574, in the cytoplasm by binding to 

their terminal loops and the Dicer complex. The nuclear TDP-43 protein associates 

with the Microprocessor as well as the pri-miRNAs to promote the Drosha cleavage, 

such as pri-miR-132 and pri-miR-558284. 

4.2.4 MiRNAs regulated through other mechanisms 

Beyond CTL, post-transcriptional regulation also occurs at other regions of the 

selected miRNA precursors, or acts on relevant enzymes and cofactors, where RNA 
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modification, editing and turnover are involved285. 

The biogenesis of neuronal miR-9, miR-125b and miR-132 is enhanced by FUS/TLS. 

FUS/TLS is recruited to the chromatin encoding these miRNA transcripts, where it 

aids Drosha loading286. With the same mechanism, a subset of miRNAs is positively 

regulated by EWS, including miR-34a, miR-122 and miR-222287. Meanwhile, EWS 

downregulates the expression of Drosha and plays an opposite role to inhibit miRNA 

processing, as in the cases of miR-29b and miR-18b288. 

SF2/ASF is an SR protein splicing factor encoded by the SRSF1 gene. The RBP 

promotes the maturation of miR-7, miR-29b, miR-221 and miR-222. Moreover, 

SF2/ASF interacts with a putative motif on the stem of pri-miR-7 and induces the 

conversion to pre-miR-7289. The processing of miR-7 is also negatively controlled by 

the NF45-NF90 complex, which binds pri-miR-7 at an unspecified region and 

contributes to EGFR signalling and tumourigenesis of hepatocellular carcinoma290. 

Similarly, QKI isoforms attenuate the efficiency of miR-7 production by 

sequestering pri-miR-7 via QKI response elements. This affects the proliferation of 

glia cells driven by the EGFR pathway269. ZC3H10 binds the basal segment of pri-

miR-143 and inhibits Drosha processing280. CELF1 and CELF2 block the biogenesis 

of pri-miR-140 under a similar process280. SRSF3 specifically recognises a conserved 

CNNC motif at the basal junction of pri-miRNAs and enhances the Microprocessor-

mediated processing291. In particular, a G to A mutation on the CTL of pri-miR-30c-

1 rearranges the secondary structure of the stem-loop and improves the accessibility 

of SRSF3 to CNNC binding, resulting in an increased level of miR-30c processing292. 

Of note, SRSF3 not only promotes the efficiency of miRNA processing, but also 

regulates a widespread unproductive (nick) or alternative (inverse) processing293. 

Modulating proteins belonging to the Microprocessor complex can also trigger post-

transcriptional regulation. TGF-β and BMP stimulate the processing of pri-miR-21 

and pri-miR-199a. The transducers of TGF-β and BMP signals, R-Smads, associate 

with a consensus region at the stem of miRNA transcripts, as well as the RNA 

helicase p68 (or DDX5) within the Microprocessor, allowing the post-transcriptional 

regulation through this pathway294. The tumour suppressor p53 also promotes 

miRNA maturation by recruiting p68 in response to DNA damage, including miR-16, 
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miR-143 and miR-145295. Another tumour suppressor BRCA1 interacts with the 

Microprocessor components Drosha and p68, and enhances the biogenesis of let-7a, 

miR-16, miR-145 and miR-34a by recognising the branched site on the secondary 

structure of their precursors. BRCA1 also recruits p53, Smad3 and an RBP DHX9 

during this process296. 

RNA modification and editing can affect the loading of miRNA biogenesis enzymes. 

An RNA methyltransferase BCDIN3D modifies the 5’monophosphate of pre-miR-

145, and blocks the Dicer cleavage297. ADAR1 and ADAR2 mediate adenosine (A) 

to inosine (I) editing on pri-miR-142 and destabilise the stem-loop structure. 

Consequently, Drosha processing is inhibited and mature miR-142 undergoes 

degradation by a RISC component Tudor-SN298. ADAR1 edits pri-miR-151 at two 

specific positions, leading to accumulation of an edited pre-miR-151 that is not 

further processed by Dicer299. ADAR2 also edits the precursors of oncogenic miR-

221, miR-222 and miR-21, and reduces the level of mature miRNAs, which prevents 

proliferation and migration of glioblastoma300. Interestingly, the biogenesis of miR-

376a is negatively modulated by ADAR2, but independently of its catalytic RNA 

editing activity301. 

The stability of miRNAs can be affected by ribonuclease or non-coding RNAs. An 

ER transmembrane kinase-endoribonuclease IRE1α is activated upon ER stress, 

terminating the miRNA process by direct cleavage of the selected pre-miRNAs (pre-

miR-17, pre-miR-34a, pre-miR-96 and pre-miR-125b)302. A 3’-5’ exoribonuclease 

hPNPase is responsible for the degradation of specific mature miRNAs in human 

melanoma cells, including miR-221, miR-222 and miR-106b303. A lncRNA Cyrano 

specifically promote miR-7 degradation through base-pair hybridisation, resulting in 

a universal reinstation of miR-7 targeted mRNAs304. Viral non-coding RNA HSUR 1 

from Herpesvirus saimiri can cause mature miR-27a decay during T cell infection, in 

a sequence-specific and binding-dependent manner305. UL144-145 RNA is produced 

by human cytomegalovirus. The RNA induces turnover of mature miR-17 and miR-

20a through interactions at the intergenic non-coding region, which is essential to 

viral replication during lytic infection306.  
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5. Therapeutic strategies targeting protein/miRNA interactions  

As has been described before, the development of miRNA-based therapies is still in 

very preliminary stages. Thus, it will be even more challenging to seek a cure for PD 

with this category of drugs. The knowledge of miRNA post-transcriptional regulation 

opens a new field of therapeutic strategies targeting miRNAs, which is, finetuning 

miRNA levels by intervening with their biogenesis. This chapter describes the 

known miRNA modulators and their therapeutic implications, with particular focus 

on those targeting HuR/MSI2 and miR-7. Current high-throughput screenings (HTS) 

methods identifying protein/RNA disruptors are also discussed. 

5.1 Targeting let-7/Lin28 

Let-7 inhibits the expression of many oncogenes such as HMGA2, KRAS and MYC, 

marking its function as a general tumour suppressor for carcinomas, exemplified by 

its role in lung cancer and multiple myeloma259, 307, 308. Interestingly, the let-7 family 

also targets the 3’-UTR of Lin28a and Lin28b mRNAs, downregulating the 

expression of Lin28 proteins in embryonic neural stem (NS) cells261. This suggests a 

negative feedback mechanism of the let-7/Lin28 pathway. Lin28a/b overexpression 

is found in a plethora of advanced carcinomas, where let-7 levels are frequently 

repressed309. Lin28 mediated let-7 inhibition leads to the let-7 targets being reinstated. 

This contributes to accelerated tumorigenesis, increased metastasis, as well as 

resistance to radiation and chemotherapies310. Based on this evidence, the 

interruption of let-7/Lin28 is considered an attractive therapeutic approach307. A 

group of small-molecule let-7/Lin28 disruptors have been identified using different 

HTS strategies311. Most of the compounds block the CSD domain of Lin28 proteins. 

These lead compounds can induce the level of let-7 family members by up to 6-fold; 

reduce the expression of oncogenic let-7 targets; and exert anti-cancer effects in 

human malignant cell lines311.  

5.2 Targeting HuR/MSI2/miR-7 

5.2.1 RRMs of HuR and Musashi proteins 

HuR is expressed ubiquitously across human tissues. The protein often stabilises 

mRNAs bearing AU-rich elements (AREs) in their 3’-UTRs. Most of the targeted 
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ARE-RNAs encode oncogenic proteins, highlighting a crucial role of HuR in 

regulating the development and progression of multiple human cancers312. Inhibition 

of this RBP can sensitise tumour cells to cancer therapies313, 314. HuR contains three 

RRMs. The N-terminal tandem RRMs (RRM1 and RRM2) are responsible for ARE 

binding. The C-terminal RRM (RRM3) can bind ARE and poly-A, with suggested 

roles in protein-protein interaction, dimerisation, post-transcriptional modifications 

and stabilisation315, 316. However, the roles of RRM3 in the context of full-length 

HuR remain controversial315-317. 

Human Musashi proteins have two paralogues MSI1 and MSI2, sharing 

approximately 80% amino acid similarity. Both proteins have two highly conserved 

N-terminal RRMs. MSI1 mainly binds (G/A)U1–3AGU sequences, whereas MSI2 

prefers ACCUUUUUAGAA and UAG motifs318, 319. The C-terminal region of 

Musashi proteins harbours protein interaction sites and modulates the translation of 

Musashi targets320. Musashi proteins are normally expressed in stem and progenitor 

cells and regulate cell differentiation and organ development321. Aberrantly high 

expression of Musashi proteins is associated with aggressive tumours, consistent 

with their roles as translational modulators of some well-recognised oncogenic 

signalling pathways, including Numb/Notch and PTEN/mTOR321. Overexpressed 

Musashi proteins are found in gliomas, colorectal adenocarcinomas, pancreatic 

adenocarcinomas, breast cancer, lung cancer and hematopoietic malignancies319, 321, 

322. Interestingly, the 3’-UTR of MSI1 mRNA, but not MSI2, bears ARE targeted by 

HuR and MSI1 expression is positively regulated by HuR in glioblasomas323. 

Notably, transcripts targeted by MSI2 are significantly enriched in neurodegenerative 

diseases, including PD, implying a potential role of MSI2 in the development of this 

disease319. 

5.2.2 Oleic acid facilitates miR-7 production through remodelling of HuR/MSI2 

Oleic acid (OA) is an 18-carbon ω-9 monounsaturated fatty acid. OA binds the 

RRM1 of MSI1 and MSI2 and induces an allosteric conformational change that 

abrogates their RNA binding activities324. Based on this, our group identified OA as 

a disruptor that dissociated the interaction between pri-miR-7 and HuR/MSI2. 

Interacting with both RBPs, OA remodels the miRNA/RBP complex and rescues 
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miR-7 biogenesis in HeLa extracts and cells (Figure 5)325. 

 

Figure 5 OA facilitates miR-7 production through remodelling of HuR/MSI2. 
Left: HuR binds the terminal loop of pri-miR-7 and recruits MSI2 to inhibit the 
processing activities. Right: OA interacts with both HuR and MSI2 and disrupts the 
association between HuR and pri-miR-7, facilitating the generation of mature miR-7. 
Figure was drawn in BioRender. 

5.2.3 Small-molecule disruptors of HuR and MSI2 identified from HTS 

There are several ligands blocking the target mRNA from binding HuR or MSI2. 

Whether they can affect the association of pri-miR-7 like OA requires further 

investigation. Novartis’ MS-444 is the best-known HuR inhibitor that effectively 

interferes with the interaction of ARE-RNAs, decreases the RNA stabilities and 

reduces ARE cytokine (e.g. interlukin-6) expression in primary human monocytes314, 

326, 327. The molecule acts at the RRM1-RRM2 interface of HuR and prevents protein 

homodimerisation326. Notably, anti-cancer effects of MS-444 through HuR inhibition 

were observed in malignant pancreatic 314, 328, colorectal 329, melanoma330 and glioma 

cells331 in vitro or in xenograft mouse models. With a similar mechanism, DHTS 

(15,16-dihydrotanshinone-I), a bioactive component from a traditional Chinese 

medicine practice, prevents the mRNA of TNF-α from interacting with HuR332. The 

natural compound, along with its derivative tanshinone mimics, also exhibits anti-

tumour properties in an HuR-dependent manner in human breast cancer, pancreatic 

cancer, colon cancer and glioma cells332, 333. Other potent ARE/HuR disruptors have 

been reviewed in our recent publication, including CMLD-2, cetylpyridinium 

chloride (CPC), mitoxantrone, azaphilone-9, quercetin, suramin and etc (Figure 6)311.   
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Figure 6 Small molecules inhibiting HuR or MSI1/MSI2 from binding to the 
target mRNAs. RNA recognition motifs (RRMs) of HuR are shown in blue, and 
RRMs of MSI are shown in orange. Small molecules interrupting RNA binding 
activities of HuR or MSI are displayed. The known targeting RRMs are indicated. 
HuR inhibitors with unknown mechanisms are shown. Compounds are drawn in 
ChemDraw. 

Ro 08-2750 (Ro) is a highly selective MSI2 inhibitor that represses the expression of 

MSI2-targeted mRNAs, such as TGFBR1 and c-MYC334, 335. Notably, Ro treatment 

can prevent leukemogenesis in myeloid leukaemia model mice, with a possible 

mechanism of downregulating intracellular c-MYC levels335. (-)-gossypol is 

extracted from cottonseed, with its major metabolite named gossyopolone (Gn). Both 

(-)-gossypol and Gn are inhibitors of Musashi proteins and can impede tumorigenesis 

of colon cancer in vitro and in vivo by regulating the Numb/Notch signalling336. 

Luteolin is an analogue of quercetin, a disruptor of HuR/TNF-α mRNA337. 

Surprisingly, both luteolin and quercetin function as MSI1 inhibitors and display 

similar anti-proliferation effects in glioblastomas338. This suggests that quercetin and 

its structural analogues are promising candidates as dual inhibitors of HuR and MSI2, 

and further as potential miR-7 enhancers.  
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So far, structural knowledge of HuR and MSI2 is very limited, as no full-length 

protein structures have been solved. Most of the ARE/HuR disruptors target the 

RRM1-2, while the sole RRM3 ligand has shown weak interference with the full-

length ARE/HuR complex315. How RRM3 coordinates with the N-terminal RRMs is 

yet to be completely understood. For Musashi proteins, all the above inhibitors 

interact with RRM1 (Figure 3)311. The binding modes of the molecules with full-

length Musashi proteins are unknown. Based on a model structure of RNA-bound 

MSI1-RRM1-2, it has been deduced that the tandem RRMs will adopt certain 

orientations upon RNA binding339. Moreover, unlike let-7 and Lin28 proteins, the 

interaction between pri-miR-7, HuR and MSI2 has not been studied yet, and the 

binding motif is completely unknown. Collectively, to identify potent miR-7 

enhancers by disrupting HuR/MSI2 is challenging. Although utilising the already 

identified inhibitors of HuR or Musashi proteins can extensively narrow down the 

scale of assay and increase the rate of success, reliable screening and validation 

platforms are extremely necessary.  

5.3 Targeting biogenesis of other miRNAs 

The discovery of small-molecule miRNA regulators has been previously reviewed, 

summarising three major strategies including HTS from large libraries; focused 

screening using known RNA binders, such as aminoglycosides; as well as drug 

design targeting RNA secondary structures or relevant RBPs340.  

Streptomycin is an aminoglycoside antibiotic, as well as a miR-21 inhibitor341. 

Streptomycin blocks Dicer cleavage through direct binding to pre-miR-21, rescuing 

the level of miR-21 targeted proteins, such as PDCD4 (Programmed Cell Death 4). 

This could translate into potential for cancer therapy341. Further studies identified 

small molecules and peptides with anti-cancer potentials by binding miR-21 

precursor and blocking its processing342.  

Disney et al. developed a novel focused screen technique known as dubbed two-

dimensional combinatorial screening (2DCS), which identifies interacting pairs of 

compound/steric RNA structures utilising a hybridisation of a small molecule 

microarray and an RNA element library343. With the help of a 2DCS against 

compounds consisting of two aminoglycosides derivatives, G Neo B was recognised 
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as a binder of the internal loop of pri-miR-10, which prevents Drosha processing 

during miR-10 biogenesis344. A new computational approach termed Inforna was 

developed, by integrating the output of 2DC2 with RNA structure data and StARTS, 

a statistical approach that predicts the affinity and selectivity of RNA binders. With 

the help of Inforna, a highly selective lead compound Targaprimir-96 was identified 

to target miR-96 precursor and inhibit its maturation345. Similarly, a miR-544 

inhibitor was identified using Inforna by targeting the UU internal loops present at 

the Drosha and Dicer cleavage sites of the miR-544 precursor. The inhibitor induced 

hypoxic apoptosis response and sensitised tumour cells to chemotherapies346. 

Targapremir-210 binds to the miR-210 precursor at the Dicer cleavage site and 

selectively inhibits the biogenesis of this miRNA. Treatment of Targapremir-201 

prevents tumorigenesis of hypoxic triple negative breast cancer in a mouse xenograft 

model347. Recently, the Disney group developed a novel ligand from Inforna, which 

was designed to target the Dicer site as well as an adjacent bulge of pre-miR-17, pre-

miR-18a and pre-miR-20a. Of note, conjugating with a bleomycin A5 cleaving 

module, the ligand drives cleavage of the entire pri-miR-17-92 cluster and inhibits all 

6 miRNAs, further rescuing cancerous phenotypes in breast and prostate cancer 

cells348.  

5.4 Approaches to identifying RNA or RBP ligands 

Fluorescence resonance energy transfer (FRET) and fluorescence polarization (FP) 

are the most common assays applied in the HTS of disruptors between two-

component RNA/protein interaction, according to our recent review311. These 

fluorescence-based assays require the purification of functional target RBPs and 

appropriate labelling of RNAs or proteins. Novel techniques provide fluorescence-

free alternatives for the screen assays. For instance, cat-ELCCA (catalytic enzyme-

linked click chemistry assay) has been developed to identify let-7/Lin28 disruptors 

by integrating click chemistry with enzyme-linked chemiluminescence assays349.  

An on-bead HTS platform termed CONA (confocal nanoscanning) was previously 

established. In CONA, micro beads are coupled with fluorescently-tagged proteins, 

which can be visualised as fluorescent rings, where the amount of bound proteins is 

proportional to the ring intensities. The only known ligand targeting the RRM3 of 
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HuR was identified by CONA from one-bead-one-compound libraries315. Notably, 

using the RRM3 binder and CONA, an ATP-binding pocket was discovered in 

RRM3, which was not detected using conventional binding assays315, 316. CONA is 

very flexible in the applications of biomolecule interactions and it can be modified to 

monitor complex biological processes in real time, such as ubiquitination-related 

enzymatic activities and aggregation of α-syn350, 351. It will be interesting to explore 

the usage of CONA in RNA/protein interplays. 

Phenotypic assays are very useful tools to study the effects of ligands on relevant 

phenotypes at the cellular level. Compared to previously described assays targeting 

specific pairs of RNA/protein interactions, phenotypic assays are suitable to identify 

small-molecule correctors of abnormal RNA activities. The discovery of the first 

spinal muscular atrophy (SMA) drug, Spinraza, was based on a phenotypic in vitro 

splicing assay. The drug showed the best potency to correct the aberrant splicing 

activities of the target pre-mRNA352. Two small molecules, risdiplam and branaplam 

were both found using luciferase reporter assays, where the alternative splicing could 

be monitored by luminescence signals353, 354. Mechanistically, Spinraza is an ASO 

drug that base-pairs an intronic splicing silencer within the RNA and blocks the 

splicing suppressors hnRNPs352. Whist the two small-molecule drugs stabilise the 

interaction between the splicing site and spliceosome354, 355. Reporter assays have 

been applied to look for molecules that disrupt miRNA-mediated silencing, by 

encoding a miRNA targeting site downstream of a reporter gene356. 

The focused screen and in silico drug design have been described above. The use of 

focused screening leads to a higher success rate than HTS, however, the resultant 

RNA ligands are likely to lack selectivity. As for the drug design, it relies on 

previously validated, functional RNA modulators, and comprehensive understanding 

of the steric structures of target RNA340. 
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Aims 

α-syn plays a significant role in PD pathology. The expression of α-syn is co-

regulated by a subset of miRNAs both directly and indirectly. Moreover, abnormal 

miRNA levels are frequently found in the brain or body fluid of PD patients or 

animal models. However, how these miRNAs orchestrate and contribute to PD is not 

fully understood. Since miRNA levels are tightly controlled post-transcriptionally by 

specific RBPs, relieving α-syn pathology by targeting relevant miRNA/RBP 

interactions will provide a new avenue to PD therapy. 

This project aims to explore possible starting points for PD treatment, focusing on 

the miRNAs controlling the expression of α-syn. I will focus on: 

1. Identification and functional characterisation of miRNAs that are 

dysregulated in PD and control α-syn expression. 

2. Development of an on-bead screening technique to identify small-molecule 

inhibitors of pri-miR-7/HuR interaction. 

3. Functional study of pri-miR-7/HuR inhibitors attenuating α-syn expression. 

 



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     60 

Materials and methods 

1. Chemical libraries 

The focused library contains 8 compounds targeting RNA-binding activities of HuR 

or MSI2. Quercetin, luteolin, OA, DHTS, CMLD-2, CPC and gossypol were 

purchased from Sigma-Aldrich. Ro 08–2750 was purchased from R&D Systems. All 

reagents were dissolved in dimethyl sulfoxide (DMSO, Sigma-Aldrich) to prepare 20 

mM stock solutions. 

The in-house random compound library was a gift from Prof. Neil Carragher. It 

consists of 54 FDA-approved drugs and natural products of well-established anti-

cancer mechanisms. The compound concentrations were varied from 0.1 to 10 mM 

according to their optimal effects in previous cell studies in the Carragher’s 

laboratory.  

2. Tissue culture techniques 

2.1 Mammalian cell culture 

HeLa, P19 mouse embryonic carcinoma, HEK293T, astrocytoma 1321N1 and SH-

SY5Y neuroblastoma cells were maintained in DMEM (Dulbecco’s Modified Eagle 

Medium, Gibco) containing 10% foetal bovine serum (Gibco).  

2.2 Transient transfection of mammalian cell lines 

For miRNA overexpression assays, HeLa cells were plated in 6-well plates with 

3.6x105 cells per well prior to transfection. 500 ng of pCG-pri-miRNA plasmids and 

5 µl of LipofectamineTM 2000 Transfection Reagent (Invitrogen) were suspended in 

250 µl of Opti-MEM Reduced Serum Media (Gibco) in separate tubes. The tubes 

were left for 5 min before the Lipofectamine suspension were added into the DNA 

suspension drop by drop. The reaction was then incubated for 30 min at room 

temperature. In the meantime, HeLa cells were washed with Opti-MEM and 

supplemented with 1.5 ml of fresh 10% DMEM to each well. Finally, the reaction 

mix was added to the cells drop by drop. Cells were harvested 48 hrs after 

transfection.  
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To overexpress fluorescent recombinant proteins, cells were plated in T75 flasks and 

left for 24 hrs. 120 µg of plasmids and 20 µl of Lipofectamine 2000 were incubated 

in 1.5 ml of Opti-MEM respectively and then mixed. Cells were transfected and 

harvested after 24 hrs. The concentration of mCherry or GFP was determined using 

an mCherry quantification kit (BioVision) or a GFP quantification kit (abcam) in a 

PolarStar OPTIMA Multidetection Microplate Reader (BMG LABTECH). The 

information of plasmids and cell lines used will be described in the following 

sections. 

2.3 P19 cell differentiation 

107 of P19 cells were plated in 10 cm non-adhesive petri dishes and supplemented 

with 5% DMEM containing 1 μM of retinoic acid (Sigma-Aldrich). The embryonic 

bodies were transferred to treated dishes and maintained in 10% DMEM on Day 4. 

Cells were harvested on specified dates.  

2.4 mDA neuron differentiation 

Day 16 iPSC-derived midbrain DA (mDA) neurons were provided by Dr. Tilo 

Kunath. Prior to cell plating, a 48-well plate (Costar, #3548) was coated by 5 µg/ml 

Laminin-111 （Biolamina）diluted in dPBS with Ca2+ and Mg2+ (Gibco) at 4℃ 

overnight. Neural differentiation media (NDM) was prepared with NeurobasalTM 

media (Gibco) containing 1× B-27™ Supplement (Gibco) and 2 mM L-Glutamine 

(Gibco). The Day 16 mDA neurons were thawed and plated in the 48-well plate 

containing 1.6 ml replating media, which is NDM containing 10 µM Y-27632 

dihydrochloride (TOCRIS), 20 ng/ml brain-derived neurotrophic factor (BDNF, 

PeproTech), 10 ng/ml glial cell-derived neurotrophic factor (GDNF, PeproTech), 0.5 

mM dibutyryl cyclic-AMP sodium salt (dcAMP, Sigma-Aldrich), 0.2 mM ascorbic 

acid (Sigma-Aldrich) and 1 µM DAPT (TOCRIS). Then the cells were maintained 

and differentiated in 1.6 ml culture media, which is NDM containing 20 ng/ml 

BDNF, 10 ng/ml GDNF, 0.5 mM dcAMP, 0.2 mM ascorbic acid and 1 µM DAPT. 

Cells were harvested on specified dates.  
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3. Molecular biology techniques 

3.1 Construction of expression vectors  

The pJW99 plasmid was a gift from Dr. Julie Welburn. The vector encodes mCherry 

upstream of a multiple cloning site. HuR, Lin28a and Trim25 open reading frames 

were inserted into pJW99 between XhoI and EcoRI sites. The pEGFP-N1-Lin28a 

was constructed previously277, where Lin28a was inserted at the N-terminus of EGFP. 

DNA segments encoding pri-miRNAs or the 3’-UTR of human α-syn were cloned 

from human genomic DNA of HeLa cells using Phusion® High-Fidelity DNA 

Polymerase (NEB) and propagated using the CloneJET PCR Cloning Kit (Thermo). 

After sequence confirmation, the pri-miRNA genes were cloned into the pCG 

plasmid between the XbaI and BamHI cleavage sites, while α-syn-3’-UTR was 

inserted into the psiCHECK-2 plasmid (Promega) between the XhoI and NotI sites 

downstream of the Renilla luciferase (Rluc) gene. During cloning, plasmids were cut 

by corresponding restriction endonucleases (NEB) at 37℃ overnight and ligation 

was performed using T4 DNA Ligase (NEB) at 4℃ overnight. 

3.2 Mutagenesis PCR 

Mutants of psiCHECK-2-α-syn-3’-UTR were generated using mutagenesis PCR by 

Saul Rooney, an undergraduate student in our lab. A pair of mutagenesis primers 

flanking the mutagenesis site were designed where the nucleotide for replacement 

was included at the 5’ of the forward primer. PCR reactions were run according to 

the manufacture’s protocol of Phusion polymerase but only with 18 cycles. The 

template plasmids were digested by DpnI (NEB) treatment at 37℃ for 1.5 hr, 

followed by T4 Polynucleotide Kinase (NEB) treatment at 37℃ for 1 hr. Blunt-end 

ligation was performed using T4 DNA Ligase at 4℃ overnight. The ligation 

products were transformed and propagated in Escherichia coli. 

3.3 Bacteria transformation 

50 μl of E. coli DH5α competent cells were thawed on ice. 10 μl of ligation products 

or 1 μl of plasmids were added into the cells and incubated on ice for 30 min. After 

that, the cells were incubated in a heat block at 42℃ for 90 s and immediately placed 

on ice for 2 min. Subsequently, cells were suspended in 500 μl of LB media and 
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incubated at 37℃ for 1 hr with 220 rpm shaking. Finally, 200 μl of cell suspension 

was plated on a LB agar plate containing the selection antibiotics and incubated 

overnight at 37℃. The next day, a single colony was inoculated to 5 ml of LB media 

containing 0.1% antibiotics and left growing at 37℃ with overnight shaking. Cells 

were spun down the next morning and DNA plasmids were harvested following the 

instructions of the QIAprep Spin Miniprep Kit (QIAGEN). For large amount of 

plasmids, QIAprep Spin Midiprep Kit and QIAprep Spin Maxiprep Kit (QIAGEN) 

were applied. Sequence confirmation was conducted by Edinburgh Genomics and 

Genewiz. 

4. Protein analysis 

4.1 Production of cell extracts 

Cultured cells were washed once with PBS, resuspended in Roeder D (200 mg/ml 

glycerol, 100 mM KCl, 0.2 mM EDTA, 100 mM Tris pH 8.0, 500 μM DTT and 200 

μM PMSF) and collected into 1.5 ml Eppendorf tubes by cell scrapers. Cell 

disruption was carried out in a Bioruptor® Plus sonication device (Diagenode) at 4℃ 

for 10 min (low intensity settings, 30s on/off). Cell extracts were obtained from the 

supernatant after centrifugation (13,000 rpm, 10 min, 4℃). Concentrations of total 

protein were determined at A280 in a NanoDrop 2000 Spectrophotometer (Thermo). 

4.2 Western blot analysis 

60 µg of proteins in cell lysates were mixed with NuPAGE™ Sample Reducing 

Agent and LDS Sample Buffer (Invitrogen) and denatured at 70℃ for 10 min. The 

proteins were separated on a NuPAGE™ 4-12% Bis-Tris Protein Gel (Invitrogen) 

and transferred onto a nitrocellulose membrane in a GENIE® blotter (Idea Scientific) 

at 12V for 1 hr. The membrane was blocked with Western Blocking Reagent (Roche) 

diluted (1:10) in TBST (20 mM Tris pH 7.5, 137 mM NaCl and 0.1% (v/v) Tween 20) 

overnight at 4℃ or 1 hr at room temperature. Then the membrane was incubated 

with the primary antibody in TBST containing 1:20 Western Blocking Reagent for 1 

hr at room temperature. These antibodies include anti-HuR, MSI2, Lin28a 

(Millipore), DHX9, GAPDH (Proteintech), α-tubulin (Sigma-Aldrich), α-synuclein 

(BD Biosciences), and Trim25 (Abcam).  Following three washes, the membrane 
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was incubated in horseradish peroxidase (HRP) conjugated secondary anti-rabbit or 

anti-mouse IgG antibodies (1:2000, Cell Signalling Technology) for 1 h at room 

temperature. After developed in chemiluminescent substrate (Thermo #34580), the 

specific proteins were detected and quantified using a C-DiGit® Blot Scanner (LI-

COR). Protein levels were normalised to α-tubulin. None of the protein bands were 

saturated.  

5. RNA analysis 

5.1 RNA isolation 

Cells plated in each well of a 6-well plate was dissolved in 1 ml of TRI Reagent™ 

Solution (Invitrogen) in RNase-free tubes. 200 μl of chloroform was added and 

mixed vigorously, followed by centrifugation at 13,000 rpm, 4℃ for 15 min. The 

supernatants were carefully transferred to new tubes and mixed with 500 μl of 

isopropanol, centrifuged at 13,000 rpm, 4℃ for 10 min. RNA pellets were washed 

by 1 ml of 70% ethanol, dried, and resuspended by appropriate amount of RNase-

free water at 55℃ for 10 min. RNA concentration was determined using NanoDrop. 

5.2 RNA quantification 

Total RNAs were subjected to DNase treatment before quantification, especially for 

pri and pre-miRNAs. 10 μg of total RNA was treated with 1 μl of TURBOTM DNase 

(Invitrogen) and 5 μl of 10×DNase Buffer (Invitrogen) in a total volume of 50 μl at 

37℃ for 20 min. An equal volume of UltraPure™ Phenol:Chloroform:Isoamyl 

Alcohol (Invitrogen) was mixed with the reaction and centrifuged at 13,000 rpm for 

10 min at room temperature. The supernatant was mixed with 10% of 3 M NaAc and 

two volumes of 100% cold ethanol and left overnight at -20 ℃. RNA was 

precipitated after 20 min centrifugation at 13,000 rpm at 4 ℃. The RNA pellets were 

washed with 70% ethanol and resuspend in RNase-free water. 

To quantify mature miRNA levels, reverse transcription, and quantitative real-time 

PCR (qRT-PCR) were performed with the miScript II RT Kit and SYBR Green PCR 

Kit respectively (QIAGEN) according to the manufacture’s protocol. Using the 

HiSpec Buffer provided by the miScript II RT Kit, only mature miRNAs and certain 

snoRNAs can be reverse transcribed by oligo-dT primers after polyadenylation357. 



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     65 

The oligo-dT primers bear a universal tag which can be targeted by a universal 

reverse primer provided by the miScript PCR kit. The obtained cDNA was PCR 

amplified using the universal reverse primer and a specific forward primer encoding 

the sequence of the target mature miRNA. Mature miRNA levels were normalised 

with miR-16 or miR-181d. To quantify pri-miRNAs or mRNAs, the SuperScript™ 

III Platinum™ SYBR™ Green One-Step qRT-PCR Kit (Invitrogen) or GoTaq® 1-

Step RT-qPCR System (Promega) were used. The primers designed for pri-miRNA 

detection were upstream of the stem-loop range, so only pri-miRNAs would be 

detected. Pri-miRNA and mRNA levels were normalised with GAPDH mRNA level. 

To detect pre-miRNAs, DNase-treated total RNA was fractionated using a 6% Urea-

PAGE gel. RNAs between the bromophenol blue (26 nt) and xylene cyanol (106 nt) 

dye were purified to exclude pri- and mature miRNAs. The purified RNAs were 

reverse transcribed following the instructions of the miScript II RT Kit for pre-miR. 

Instead of the HiSpec Buffer, HiFlex Buffer was used to reverse transcribe all types 

of RNAs. Since pri and mature miRNAs had been excluded, only pre-miRNAs were 

reverse transcribed. Then pre-miRNAs were quantified following the instructions of 

the SYBR Green PCR Kit (QIAGEN) using mature miRNA primers and the 

universal reverse primer provided. Pre-miRNA levels were normalised to pre-miR-

181d. 

The same method has been previously applied in our lab to distinguish and quantify 

pri-, pre- and mature miRNAs358. The qRT-PCR reactions were performed in an 

Agilent Mx3000P QPCR System or a Roche LightCycler®96 System. 

5.3 RNA pull-down assay 

5.3.1 Covalent RNA coupling to agarose resin 

1 nmol of RNA was treated with 100 mM NaAc and 5 mM m-sodium periodate in 

200 µl of water and rotated for 1 hr at room temperature in dark. The RNA was 

precipitated by adding 600 µl of 100% ethanol and 15 µl of 3 M NaAc in dry ice for 

20 min, followed by centrifugation at 13,000 rpm, 4 ℃ for 10 min. The RNA pellet 

was washed by 1 ml of 70% ethanol and resuspended in 500 µl of 100 mM NaAc pH 

5. Adipic acid dihidrazide-agarose (Sigma) were washed 3 times with 100 mM NaAc. 
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The washed resin was resuspended in 100 mM NaAc to have a 50% slurry. 200 µl of 

the beads were added to the 500 µl of the periodate oxidised RNA and left rotating 

overnight at 4℃ in dark. To wash out the non-bound RNA, the mix was 

supplemented with 700 µl of 4 M KCL and stirred for 30 min at room temperature. 

The resin was pelleted after centrifugation (3,000 rpm, 3 min) and washed twice with 

2 M KCL, 3 times with Buffer G (20 mM Tris-HCl pH 7.5, 137 mM NaCl, 1 mM 

EDTA, 1% TritonX-100, 10% glycerol, 1.5 mM MgCl2, 1 mM DTT, and 200 μM 

PMSF) and once with Roeder D.  

5.3.2 Protein pull-down by RNA-coupled agarose 

Generally, the pelleted agarose resin was incubated with 650 µl of working solution 

containing 1 mg of cell lysates, 1.5 mM MgCl2, 25 mM creatine-phosphate, 0.5 mM 

ATP, and 1 µl RiboLock RNase Inhibitor (Thermo). The mix was shaken at 37 ℃ at 

700 rpm for 30 min. After that, the resin was pelleted by centrifugation (1,000 rpm, 3 

min) and the supernatant was kept as the loading control. The resin was washed three 

times with Buffer G and mixed with 6 µl of NuPAGE™ Sample Reducing Agent, 15 

µl of LDS Sample Buffer and 39 µl of water (39 µl of supernatant for the loading 

control). Proteins captured by RNA were denatured at 70 ℃ for 10 min with shaking. 

After a short spin, 30 µl of the supernatant was loaded on an SDS-PAGE gel and 

western blot was performed to detect the level of proteins. To test RNA/protein 

disruptors, cell lysates were pre-incubated with 100 μM of test compounds in 

working solution at 37 ℃, 700 rpm for 30 min.  

5.4 RNA immunoprecipitation (RIP) assay 

HuR-bound RNAs were immunoprecipitated and quantified following a method 

developed from a previously published protocol359. 1.4×106 HuR KO HeLa cells 

were plated in p100 dishes, treated with DMSO or 20 μM quercetin and transfected 

with 500 ng of pCDNA-HuR at the same time. After 48 hrs, cells were incubated 

with 1% formaldehyde at room temperature for 10 min with rocking, to crosslink 

RNA/protein interactions. Then the cells were incubated with 0.25 M glycine (pH 7.0) 

at room temperature for 5 min, to stop the crosslink reaction. Cell extracts in RIPA 

buffer (50 mM Tris–HCl, pH 7.5, 1% Nonidet P-40 (NP-40), 0.5% sodium 

deoxycholate, 0.05% SDS, 1 mM EDTA, 150 mM NaCl) were obtained as described 
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in 3.1. The protein levels were determined using the Pierce® BCA Protein Assay Kit 

(Thermo). 50 μl of Dynabeads™ Protein A for Immunoprecipitation (Invitrogen) 

were coupled with 3 μl of HuR antibody in BWB (0.02% Tween-20 in PBS) for 30 

min at room temperature with rocking, then washed 3 times with RIPA buffer. The 

extracts containing 100 μg of protein were diluted with 500 μl of RIPA buffer, mixed 

with the antibody-coated beads at room temperature for 30 min. The beads were 

collected at 6,000 g and the supernatant was kept for RNA extraction as loading 

control. The beads were washed 5 times with high-stringency RIPA buffer (50 mM 

Tris-Cl, pH 7.5, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 1 M 

NaCl, 4 M urea, and 0.2 mM PMSF). The beads containing the immunoprecipitated 

samples were collected and resuspended in 100 μl of 50 mM Tris-HCl, pH 7.0, 5 

mM EDTA, 10 mM DTT and 1% SDS. The beads were then incubated at 70°C for 

45 min to reverse the crosslinking. The immunoprecipitated RNA was extracted from 

these samples using TRI Reagent® LS. qRT-PCR was performed to detect pri-miR-

7-1 and α-syn mRNA levels. The experiments were conducted by Dr. Nila Roy 

Choudhury.  

5.5 mRNA stability assay 

1.44×105 WT or HuR KO HeLa cells were plated in 12-well plates and treated with 

DMSO or 20 µM of quercetin, together with 10 µg/ml actinomycin D (Sigma-

Aldrich). The cells were harvested at 0, 6, or 12 hrs after actinomycin D treatment. 

Total RNA was isolated using TRI ReagentTM. α-syn mRNA and 18S levels were 

quantified using qRT-PCR. 

6. Luciferase reporter assays 

Luciferase reporter assays were performed with the help of the Dual-Luciferase® 

Reporter Assay System (Promega) by S. Rooney. 1.2 x104 HeLa cells were plated in 

each well of 96-well plates. For each well, 30 ng of psiCHECK2-α-syn-3’-UTR and 

16.7 ng of pCG-pri-miRNA plasmids were co-transfected into HeLa cells. DNA and 

0.2 μl of Lipofectamine was suspended in 5 μl of OPTI-MEM respectively. The 

mixture was added into 90 µl of 10% DMEM cell culture. Cells were lysed 48 hrs 

after transfection by 50 µl of Passive Lysis Buffer with 15 min shaking. The plates 

were spun at 4,000 rpm for 10 min and the supernatants were transferred to new 
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plates. 8 μl to 12 μl of the supernatants were diluted by water to a total volume of 40 

μl in white 96-well plates (Costar). 10 μl of Luciferase Assay Reagent II was added 

into the supernatants and the luminescence of firefly luciferase was read immediately 

in a plate reader. Afterwards, 10 μl of Stop & Glo® Reagent was added to the 

reaction and the Renilla luciferase levels were read immediately. The luminescence 

measurements were taken at a gain of 3000, 37 ℃ and with 5 s of double orbital 

plate shaking before reading. The Renilla luciferase luminescence level was 

normalised to the firefly one for each measurement. 

7. Gene knockout using CRISPR-Cas9  

7.1 HuR knockout by CRISPR-Cas9 

The Alt-R® CRISPR-Cas9 crRNAs and tracRNA were synthesised by IDT. The 

sequences of the crRNAs were 5’-cgaagucuguucagcagcauguuuuagagcuaugcu and 5’-

cuugggucauguucugagggguuuuagagcuaugcu respectively. 100 µM of each crRNA 

was mixed with 100 µM of tracRNA in 100 µl duplex buffer (IDT) at 95℃ for 5 min, 

to form crRNA-tracRNA duplexes. HEK293T or HeLa cells were seeded in 24-well 

plates with different densities. The well containing cells with around 60% of 

confluency was selected. 1.5 µl of each duplex were co-transfected with 1 µl of 

GeneArt™ CRISPR Nuclease mRNA (Invitrogen) using 1 µl of Lipofectamine 2000 

in 125 µl Opti-MEM. The cells were incubated for about 1 week before being diluted 

and aliquoted to 96-well plates to make 0.5 or 1 cell count per well. The cells were 

split into two 96-well plates when most of the wells were confluent. One plate of the 

cells were lysed by 30 µl of Passive Lysis Buffer with 15 min shaking. 2 µl of the 

cell extracts were loaded onto nitrocellulose membrane (GE, #10600018) and tested 

against HuR and DHX9 antibodies. Cells showing both HuR negative and DHX9 

positive were transferred to 6-well plates and confirmed using western blot analysis.   

Both wildtype and HuR KO HeLa and HEK293T cells were plated in a 6-well plate 

and harvested when the cells reached about 90% confluency. The genomic DNA was 

isolated using the GenElute™ Mammalian Genomic DNA Miniprep Kit (Sigma-

Aldrich). The fragments covering the expected HuR knockout sites were PCR 

amplified using the forward primer (5’-gccctggacagtacactcgcc) and reverse primer 

(5’-ccacatggccgaagactgca). The PCR products were visualised on a 1.2% agarose gel. 
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The DNA bands with anticipated sizes were purified using the QIAquick Gel 

Extraction Kit (QIAGEN). After ligating into the cloning vector using the CloneJET 

PCR Cloning Kit (Thermo), the DNA fragments were sequenced and the mutations 

in the HuR gene were identified. 

7.2 MiR-7 knockout by CRISPR-Cas9 

A pair of guide RNAs (5’-acauucaauacuaaucuugc and 5’-accaaucauuuguccuguag) 

were designed flanking the stem loop sequence of human pri-miR-7-1 gene. 

Transfection of the CRISPR-Cas9 system was carried out in HeLa cells as described 

above. Crude DNA was extracted by dissolving cells in solution 1 (25 mM NaOH, 

0.2 mM EDTA) at 98℃ for 1 hr and terminated by equal volume of solution 2 (40 

mM Tris-HCL pH5.5). PCR was performed using 100 ng of crude DNA with primers 

flanking the targeted region (F: 5’-ctgcagaacaggtcagtttaagtt, R: 5’-tgcagaaca 

cctatgaagcaga). The PCR products were visualised on a 1% agarose gel and cells 

generating band shifts were selected. The miR-7 levels were tested by qRT-PCR. 

Sequences were determined using PCR products amplified from purified genomic 

DNAs of putative miR-7 knockouts. 

8. RP-SMS 

8.1 RNA pulldown from SILAC samples 

RP-SMS was performed to identify proteins that bind the CTL of human pri-miR-

153-2. The human pri-miR-153-2-CTL (guugcagcuaguaauaugagcccaguugcaua) was 

synthesised by IDT. Heavy HeLa (13C Arg/13C Lys) and light SH-SY5Y (12C Arg/12C 

Lys) cell extracts were previously prepared according to our method paper272. The 

RNA pull-down assay was performed using human pri-miR-153-2-CTL with heavy 

HeLa extracts or light SH-SY5Y extracts as described above. Heavy/light agarose 

beads were combined during the final wash after pull-down. On-bead proteins were 

denatured as described above. 30 μl of supernatant was loaded into an SDS-PAGE 

gel and run until the dye migrated 1 cm into the gel. The gel was stained with 

GelCodeTM Blue Safe protein stain (Thermo).  

To identify pri-miR-7-1-CTL-bound proteins interrupted by quercetin, heavy HeLa 

extracts (13C-Arg/2D-Lys) were treated with 100 µM quercetin and light HeLa 
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extracts (no labelling) were treated with equal volume of DMSO. Both cell extracts 

were incubated with pri-miR-7-1-CTL-linked beads, respectively. Heavy/light 

agarose beads were combined during the final wash and processed as just described.  

8.2 In-gel digestion 

The gel piece containing proteins was cut into small pieces (1 mm×1 mm) and 

transferred to an Eppendorf tube. The gel pieces were treated with 50 mM 

ammonium bicarbonate (ABC, sigma) and equal volume of acetonitrile (thermo) at 

37°C, 900 rpm for 30 min, and repeated once. Then the gel pieces were covered with 

10 mM DTT (Sigma), incubated at 37°C, 900 rpm for 30 min and dried by 

acetonitrile. Subsequently, 55 mM iodoacetamide (Sigma) was added to cover the gel 

pieces and incubated at RT for 20 min in the dark, followed by dehydration with 

acetonitrile. To prepare Trypsin buffer, 20 μg of trypsin (Sigma) was dissolved by 20 

μl 0.1% trifluoroacetic acid (TFA, Sigma) and diluted by 150 μl acetonitrile, 300 μl 

50mM ABC and 1,030 μl of water. Finally, the gel pieces were incubated in Trypsin 

buffer at 37°C overnight. The next day, 100 ul of 0.1% TFA and 20 ul of 10% TFA 

was added to gel solution. Stage tips were prepared with three pieces of Empore Disk 

C18 (Sigma, 66883-U) and washed by methanol and 0.1% TFA by spinning. The gel 

sample solution was passed through the tip and washed with 0.1% TFA. Stage tips 

were stored at -20°C before loading onto a mass spectrometer. 

8.3 Mass spectrometry analysis 

LC-MS/MS was performed using an OrbitrapTM mass spectrometer (Thermo) and 

analysed using a MaxQuant software360 platform by Dr. Chirstos Spanos. This allows 

the ratio of the heavy/light-labelled peptides to be determined from raw MS data. To 

identify proteins specifically pulled down from light SH-SY5Y extracts, peptides 

with intensity larger than 1 million and normalised H/L ratio less than 0.5 were 

selected. Peptides presented with frequency larger than 10% in CRAPome361, a 

database of common contaminant from affinity purification-MS experiments, were 

further excluded. 

9. Non-labelled protein quantification 

HeLa cells were treated by DMSO or 20 µM quercetin for 48 hrs. Cell extracts 
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containing 10 µg of protein were loaded on to an SDS-PAGE gel. The in-gel 

digestion was the same as described in 7.2. MS experiments and analysis were 

performed by Dr. C. Spanos. Three repeats of untreated or treated samples were 

prepared and injected at the same time. Proteins identified with significantly different 

expression after quercetin treatment were analysed in DAVID Bioinformatics 

Resources 6.8362. 

10. RNA pull-down-confocal nanoscanning (RP-CONA) 

10.1  Preparation of streptavidin beads 

Ni-NTA agarose beads (Qiagen, 30250) were sieved using 100 μm (Corning, 431752) 

and 120 μm (Millipore, NY2H04700) pore size filters with 20% ethanol. The sieved 

beads were washed 3 times with binding buffer (0.3 M NaCl, 20 mM HEPES pH 7.5, 

0.01% Triton X-100) and resuspended to make a 10% slurry. For each well, 150 

pmol (7.5 μM) of His-streptavidin (ProteoGenix) was mixed with 5 μl of sieved 

beads (10% slurry) in a total volume of 20 μl binding buffer. The tubes were shaken 

immediately at 1,000 rpm at 4℃ for 20 min. The resin was then pelleted and washed 

three times using PBS (0.01% Triton X-100). 

10.2  RNA coupling to the streptavidin beads 

Biotinylated FITC-pri-miR-7-1-CTL (5’-FITC-uguuguuuuuagauaacuaaaucgacaacaaa 

-bio-3’); FITC-pri-miR-7-1/30a-TL (5’-FITC-uguuguucugugaagccacagaugggacaac 

aaa-bio-3’); Cy5-pre-let-7a-1-CTL (5’-cy5-uuagggucacacccaccacugggagau-bio-3’); 

FITC-TNFα-ARE (5’-FITC-auuauuuauuauuuauuuauuauuua-bio-3’); and FITC-α-

syn-ARE (5’-FITC-cuaaauccucacuauuuuuuuguugcug-bio-3’) were synthesised by 

IDT. For each well, 40 pmol (2 μM) of RNA was mixed with 5 μl of streptavidin-

agarose (10% slurry) in a total volume of 20 μl PBS (0.01% Triton X-100) and 

placed on a shaker immediately. The coupling was performed at 4℃, 1,100 rpm for 

20 min. The beads were pelleted by centrifugation (1,000 rpm, 3 min) and washed 

three times using PBS (0.01% Triton X-100). The beads were resuspended into 10% 

slurry. 

10.3  RNA pull-down from cell extracts 

HuR KO HEK293T cell extracts containing overexpressed mCherry-HuR were 
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prepared in 20 μl of no glycerol-Roeder D (100 mM KCL, 0.2 mM EDTA, 100 mM 

Tris pH 8.0, 0.5 mM DTT and 0.2 mM PMSF). mCherry-Lin28a and Lin28a-GFP 

were overexpressed in wildtype HEK293T cells. mCherry-Trim25 was 

overexpressed in the previously made Trim25 KO HEK293 cell line. 20 μl of cell 

lysate solution was mixed with 30 μl of pull-down mix (1.5 mM MgCl2, 25 mM 

creatine-phosphate, 0.5 mM ATP, and 0.25 μl Ribolock) and loaded to a well of a 

black glass (BD) or plastic (PE, Greiner) bottom 384-well plate. 5 μl of RNA 

coupled beads resin was added into each well. The plates were shaken at room 

temperature at 1,500 rpm for 1 to 2 hrs.  

10.4  Beads imaging and data analysis 

Beads images were acquired in the Opera® High Content Screening System 

(PerkinElmer) or ImageXpress Micro Confocal High Content Screening System 

(Molecular Devices) at 30 μm above well bottom and 20× magnification with air 

lenses. In Opera, three channels were detected to investigate FITC-RNA/mCherry-

protein interaction: brightfield (690 nm diode, 690/70 detection filter), FITC (488 nm 

laser, 520/35 detection filter) and mCherry (561 nm laser, 600/40 detection filter). In 

ImageXpress, two channels were detected: FITC (FITC: excitation 475/34, emission 

536/40) and mCherry (TEXASRED: excitation 560/32, emission 624/40). The 

exposure time was adjusted so that both FITC and mCherry ring intensities were 

around 2,000 RFU. Images were stitched and the ring intensities were quantified in 

Image J with a custom plugin Ring Measure developed by Dr. David Kelly 

(DOI:10.5281/ZENODO.4302193). The basic principle is as follows: On a FITC 

image, the fluorescent rings were identified and selected. A line was plotted across 

one bead and the average peak values of the plot profile were recorded as the FITC 

ring intensity. The mCherry ring intensity was measured according to the plot profile 

at the same place of the corresponding mCherry image. Four measurements were 

taken for each bead. The relative mCherry/FITC intensities were calculated and 

averaged. Similarly, to measure Cy5-RNA/GFP-protein interaction, Cy5 (excitation 

631/28, emission 692/40) and FITC filter sets were used in ImageXpress, and the 

analysis was the same. Coefficient of variation (CV)= SD/Mean×100%.  Z’ factor 

was calculated using the equation Z’ = 1 – 3(SD positive control + SD negative control)/ 

|Mean positive control – Mean negative control|363. 
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11. Primer lists 

qRT-PCR primer list 
 

Target Species Sequence 5' 

miR-7-5p human/mouse TGGAAGACTAGTGATTTTGTTGTT 

miR-153-3p human/mouse TTGCATAGTCACAAAAGTGATC 

miR-133b-3p human/mouse TTTGGTCCCCTTCAACCAGCTA 

miR-16-5p human/mouse TAGCAGCACGTAAATATTGGCG 

miR-181d-5p human AACATTCATTGTTGTCGGTGGGT 

pri-miR-7-1-F human GCCATGGTGTCTCAACCTTT 

pri-miR-7-1-R human GTGGTTTTGGCAGCAGTTTT 

pri-miR-153-2-F human GAGGGAGCGCATTTACACTTTA 

pri-miR-153-2-R human TTACCGTGAGCAGCGTTAGTG 

GAPDH-F human AATCCCATCACCATCTTCCA 

GAPDH-R human TGGACTCCACGACGTACTCA 

αsyn-F human GTTGTGGCTGCTGCTGAGAAA 

αsyn-R human TCCCTCCTTGGTTTTGGAGCCTAC 

18S-F human GTAACCCGTTGAACCCCATT 

18S-R human CCATCCAATCGGTAGTAGCG 

hRluc-F Renilla GGAATGGGTAAGTCCGGCAA 

hRluc-R Renilla CCAAGCGGTGAGGTACTTGT 

ffluc-F firefly GAACAGCTCTGGGTCTACCG 

ffluc-R firefly GGGATGATCTGGTTGCCGAA 

 

Sequencing primer list 
 

Name Plasmid Sequence 5' 

pJW99-mCherry-F pJW99 TCACCTCCCACAACGAGGACTA 

pJW99-mCherry-R pJW99 AGTCGAGGCTGATCAGCGGGT 

CMV-F G10/psiCHECK2 CGCAAATGGGCGGTAGGCGTG 

psi-check2-R psiCHECK2 CTCATTTAGATCCTCACA 
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Cloning PCR primer list 
Target Sequence 5' 
pri-miR-133b-F ACAAGGCAAGCTCCTGGCATTTG 
pri-miR-133b-R CCAGGACTCCTCTTCTCTTCCTTCC 
miR-133b-Xba1-F gactagTCTAGAACAAGGCAAGCTCCTGGCATTTG 
miR-133b-BamH1-R gaacgcGGATCCCCAGGACTCCTCTTCTCTTCCTTCC 
pri-miR-34b-F AGCTACGCGTGTTGTGCGCT 
pri-miR-34b-R TTTCCTCGCACTTGCAGCGGG 
miR-34b-Xba1-F gactagTCTAGAAGCTACGCGTGTTGTGCGCT 
miR-34b-BamH1-R gaacgcGGATCCTTTCCTCGCACTTGCAGCGGG 
pri-miR-34c-F TTGAGCTCCAACTCAACCAAT 
pri-miR-34c-R TGATGCACAGGCAGCTCAT 
miR-34c-Xba1-F gactagTCTAGATTGAGCTCCAACTCAACCAAT 
miR-34c-BamH1-R gaacgcGGATCCTGATGCACAGGCAGCTCAT 
pri-miR-153-F TGTCTCCAGGCCCTGCACTG 
pri-miR-153-R CACCTGCTCCACTGAGCCCC 
miR-153-Xba1-F gactagTCTAGATGTCTCCAGGCCCTGCACTG 
miR-153-BamH1-R gaacgcGGATCCCACCTGCTCCACTGAGCCCC 
pri-miR-214-F TCTCCCTTTCCCCTTACTCTCCAAA 
pri-miR-214-R CCCCGAGCCCCTCATTTTGGTT 
miR-214-Xba1-F gactagTCTAGATCTCCCTTTCCCCTTACTCTCCAAA 
miR-214-BamH1-R gaacgcGGATCCCCCCGAGCCCCTCATTTTGGTT 
miR-3120-Xba1-F gactagTCTAGACCCCGAGCCCCTCATTTTGGTT 
miR-3120-BamH1-R gaacgcGGATCCTCTCCCTTTCCCCTTACTCTCCAAA 
α-syn-3UTR-F CTTTGCTCCCAGTTTCTTGAGATCT 
α-syn-3UTR-R GTCACAAATAGCTACATACTGGATAAGCC 
Xho1-α-syn-3UTR-F GATCCGctcgagCTTTGCTCCCAGTTTCTTGAGATCT 

Not1-α-syn-3UTR-R 
AAGGATCAAAgcggccgcGTCACAAATAGCTACATAC
TGGATAAGCC 

Trim25-HR-F 
CGGAGGTGGAGGTACTAGTctcgagGCTGAACTGTGT
CCTCTGGC 

Trim25-HR-R 
CGCGGTACCGTCGACTGCAgaattcCTATTTGGGGGA
GCAGATGCTCA 

Xho1-Lin28a-F CCGctcgagGGCTCCGTGTCCAACCAGCA 
Lin28a-EcoR1-R CCGgaattcTCAATTCTGTGCCTCCGGGAGCA 
NB: Letters in small case designed for endonuclease sites. 
        All primers targeting human genes. 
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Mutagenesis PCR primer list 
Target Species Sequence 5' 
miR-7 mut-1-F human aCCATCAGCAGTGATTGAAGT 
miR-7 mut-1-R human AGACTTCGAGATACACTGTAAA 
miR-7 mut-2-F human aTTAATGATACTGTCTAAGAATAATG 
miR-7 mut-2-R human AGACACCTAAAAATCTTATAATATAT 
miR-7 mut-3-F human aCCCTTAATATTTATCTGACGGTA 
miR-7 mut-3-R human AGAAACACTTTAAAGGAGAATTTG 
miR-153-3p mut-1-F human cCACCTATAAATACTAAATATGAAATT 
miR-153-3p mut-1-R human ATAGTTTCATGCTCACATATTTTTAA 
miR-153 mut-2-F human cCACTGGTTCCTTAAGTGGCTG 
miR-153 mut-2-R human ATACCAAAACACACTTCTGGCA 
miR-153 mut-3-F human cCACTAGTGTGAGATGCAAACA 
miR-153 mut-3-R human AGAGATTCTGAAAAAGACCCCA 
miR-133b mut-F human gAAACACTTAAACAAAAAGTTCTTTA 
miR-133b mut-R human GTCCCAAATAAACTATTAAGATATAT 
miR-3120 mut-1-F human aGTTGTTCAGAAGTTGTTAGT 
miR-3120 mut-1-R human GCAACAAAAAAATAGTGAGG 
miR-3120 mut-2-F human aGTACCTTTCTGACAATAAAT 
miR-3120 mut-2-R human GCATTCACACCAATATCAGA 
miR-214 mut-F human gTGACAGATGTTCCATCCTGT 
miR-214 mut-R human CAGATCTCAAGAAACTGGGA 
miR-34b mut-1-F human tTTGAAGTATCTGTACCTGCC 
miR-34b mut-1-R human CACTGCTGATGGAAGACTTC 
miR-34b mut-2-F human tTTTGCTATCATATATTATAAGATTTTTA 
miR-34b mut-2-R human CACTAACAACTTCTGAACAA 
miR-34b mut-3-F human tTTTTGACTACACCCTCCTTA 
miR-34b mut-3-R human CATCTTCTACACTGCTTAGT 
miR-34c mut-1-F human cTCTAAGAATAATGACGTATTGTGA 
miR-34c mut-1-R human AGTATCATTAAAAGACACCT 
miR-34c mut-2-F human cCAAAAATATTTTATTTTTATCCCATCTCAC 
miR-34c mut-2-R human AATGAGATAACGTTTTATTTTAATTC 
miR-34c mut-3-F human cCCAGAAGTGTGTTTTGGTAT 
miR-34c mut-3-R human AGTGTTGCTTCAGGGAATTC 
NB: Letters in small case indicating the mutated nucleotide.  
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Results 

1. The study of PD-related miRNAs 

1.1 MiR-7 is a major inhibitor of α-syn expression 

To find miRNAs that affect α-syn we decided to study a range of miRNAs that are 

downregulated in specimens from PD patients186, 190, 206, 222, 229, and have potentials to 

target the 3’-UTR of α-syn mRNA, including miR-7, miR-153, miR-133b, miR-

34b/c and miR-214 (Figure 7). Although miR-3120 levels in PD patients have not 

been reported, the miRNA is included as its sequence is complementary to miR-214. 

 

Figure 7 Predicted binding sites of miRNAs on the 3’-UTR of α-syn mRNA. The 
potential binding sites of different miRNAs are annotated at the approximate 
positions on the 3’-UTR of the α-syn mRNA (about 2,500 nt). These sites were 
predicted by TargetScan234 or provided by miRTarBase364. Sites indicated by red 
arrows were previously reported. Figure was drawn in Biorender.  

We constructed a luciferase reporter, carrying the gene of α-syn mRNA 3’-UTR 

downstream of the Renilla luciferase gene driven by a SV40 promoter. The reporter 

also coded the gene of firefly luciferase downstream of a HSV TK promoter. 

Therefore, firefly luciferase levels can be used as an internal control to eliminate the 

differences of transfection efficiency in individual assays. We then co-transfected the 

reporter with pCG plasmids encoding the above mentioned pri-miRNAs into HeLa 

cells, to test the effects of these miRNAs on the expression of Renilla luciferase. 

Only miR-7 exhibited significant suppression on Renilla luciferase levels, compared 

to other miRNAs (Figure 8A). The upregulation of each mature miRNA was 

confirmed by qRT-PCR (Figure 8B). 
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Figure 8 MiR-7 inhibits luciferase levels of a Renilla α-syn mRNA 3’-UTR 
reporter. Equal amounts of each pCG-pri-miR plasmid were co-transfected with the 
luciferase reporter carrying the α-syn 3’-UTR. pCG-pri-miR-9 was tested as a 
negative control. (A) Luciferase levels were recorded 48 hrs after transfection. Mean 
Renilla/firefly values and SEM from 6 independent repeats are shown. Statistically 
significant differences compared to mock were analysed using SPSS one-way 
ANOVA, **P<0.01. (B) Upregulation of miRNA levels were determined by qRT-
PCR and normalised to mock (no DNA transfected). 

To validate this, we performed single-nucleotide mutation at the 3rd position of the 

potential miRNA binding sites on the luciferase reporter individually and co-

expressed the wildtype or mutated reporters with corresponding miRNAs. The 

mutation on the previous validated miR-7 targeting site189 (miR-7_m1) desensitised 

the miR-7-mediated inhibitive effects, while the other two putative targeting sites 

seemed to not be involved (Figure 9). Interestingly, reporters bearing a mutated 

binding site of miR-133b (miR-133b_m1), miR-153 (miR-153_m1209) and miR-34c 

(miR-34c_m3225) generated significantly upregulated luciferase levels, although 

these three miRNAs didn’t exert significant inhibition on the wildtype reporter, 

indicating that these three miRNAs also have α-syn inhibition potential. 
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Figure 9. Single-nucleotide mutation of miR-7 binding site inactivates the 
inhibitive effects of miR-7. The nucleotide on the 3rd position of the miRNA-
targeted seed regions on the α-syn mRNA 3’-UTR gene was mutated individually. 
The mutants were numbered according to the binding sites from 5’ to 3’ of the α-syn 
mRNA 3’-UTR. Luciferase levels were measured 48 hrs after co-transfection of the 
corresponding pCG-pri-miR plasmids with reporters bearing wildtype or mutated α-
syn mRNA 3’-UTR gene. The luciferase levels are relative to co-transfection of 
pCG-pri-miR-9 with wildtype reporter. Mean Renilla/firefly values and SEM from 
three independent repeats are shown. Statistically significant differences compared to 
mock were analysed using SPSS one-way ANOVA, *P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. 

We subsequently transfected HeLa cells with an increasing amount of pCG-pri-miR-

7-1, and tested α-syn expression with western blot. A significant dose-dependent 

inhibition on α-syn was identified (Figure 10). Overexpressed miR-153 and 133b 

showed less significant inhibitive effects compared to miR-7. Importantly, the 

upregulation of mature miR-7 was equal or less than the other two miRNAs, 

according to qRT-PCR (Figure 11).  
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Figure 10 α-syn expression is inhibited by miR-7 in a dose-dependent manner. 1: 
Mock HeLa cells without DNA transfected. 2-6: An increasing amount of pCG-pri-
miR-7-1 was transfected into HeLa cells. The expression of α-syn and α-tubulin were 
detected by western blot 48 hrs after transfection. Relative α-syn/α-tubulin levels 
were normalised to mock. Mean values and SEM from three independent repeats are 
shown. Statistically significant differences compared to mock were analysed using 
SPSS one-way ANOVA, *P<0.05.  

 

Figure 11 (A) MiR-153 and miR-133b exert mild inhibition of α-syn 
expression.1: Mock HeLa cells without DNA transfected. 2-6: Increasing amounts 
of pCG-pri-miR-153 was transfected into HeLa cells. 7-11: Increasing amounts of 
pCG-pri-miR-133b was transfected into HeLa cells. The expression of α-syn and α-
tubulin were detected by western blot 48 hrs after transfection. (B) Upregulation of 
miRNAs after overexpression. Mature miR-7, miR-153 and miR-133b levels from 
HeLa cells transfected with increasing amounts of corresponding pCG plasmids were 
determined by qRT-PCR and normalised to mock (no DNA transfected).  

To summarise, miR-7 is the most effective inhibitor of α-syn expression, compared 

to the other PD-related miRNAs. Moreover, the mechanism is highly dependent on a 

specific binding motif on the 3’-UTR of α-syn mRNA. MiR-153 and miR-133b are 

also involved in the regulation of α-syn expression, albeit to lesser extent and with 

more complex regulatory networks. 
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1.2 The biogenesis of miR-153 is post-transcriptionally inhibited 

1.2.1 The terminal loop of human pri-miR-153-2 is conserved 

According to our previous publications, conserved terminal loops (CTLs) of miRNA 

precursors may work as landing pads of trans-acting factors that affect miRNA 

maturation. Pri-miR-153-2 is annotated as one of the 74 pri-miRNAs that bear highly 

conserved terminal loops273. Here we aligned the stem-loop sequences of human pri-

miR-153-2 and pri-miR-133b with their counterparts from 9 various vertebrate 

species. The terminal loop sequence of human pri-miR-153-2 is highly conserved 

among these 10 species, but less conserved in pri-miR-133b across the same species 

(Figure 12). Therefore, regulatory proteins may exist and act via the CTL of the 

miR-153 precursor. 

 

 

Figure 12 Conservation of PD-related miRNA precursors. Pri-miR-153-2 (top) 
and pri-miR-133b (bottom) stem-loop sequences from 10 species were fetched from 
miRBase, including human (hsa), monkey (mml), mouse (mmu), rat (rno), opposum 
(mdo), dog (cfa), cattle (bta), chicken (gga), armadillo (dno) and fish (abu). The 
sequences were aligned in CLUSTALW, and output in Jalview. The terminal loop 
regions were highlighted by red boxes. 

1.2.2 The biogenesis of miR-153 is inhibited in neuroblastoma cells 

To investigate if there is any post-transcriptional regulation during the biogenesis of 

miR-153, the levels of pri-miR-153-2 and its mature products were determined by 
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qRT-PCR in four human cell lines. Interestingly, pri-miR-153-2 is specifically 

enriched in SH-SY5Y neuroblastoma cells, reaching more than 1,000-fold than that 

in HeLa. In contrast, mature miR-153 levels are comparable across these cell lines 

(Figure 13). The discrepancy strongly implies the existence of inhibitory factors in 

neuroblastoma that prevent the processing of pri-miR-153 into its mature form.  

 

Figure 13 The biogenesis of miR-153 is inhibited in SH-SY5Y cells. qRT-PCR 
was performed using total RNA of HeLa, HEK293T, astrocytoma and neuroblastoma 
SH-SY5Y cells. The level of pri-miR-153-2 was normalised to GAPDH mRNA (left), 
and mature miR-153 was normalised to miR-16 (right). Mean relative RNA levels 
and SEM from three independent qRT-PCR repeats are shown. 

1.2.3 Candidate proteins involved in the regulation of miR-153 biogenesis 

To identify trans-acting factors that may regulate the biogenesis of miR-153, we 

performed RNA pull-down-SILAC mass spectrometry (RP-SMS)272 to capture 

proteins from HeLa or SH-SY5Y extracts using the CTL of human pri-miR-153-2 

(Figure 14). Proteins specifically pulled down from SH-SY5Y, but not HeLa cells 

are likely to be potential regulators. Among these proteins, retrotransposon-like 

protein 1 (RTL1), kinesin-like protein KIF21A (KIF21A) and dihydropyrimidinase-

related protein 2 (DPYSL2) are brain or SH-SY5Y enriched proteins, according to 

The Human Protein Atlas365. These three proteins together with Ras-related protein 

Rab-7a (RAB7A) has not been reported to have RNA binding activities. Importantly, 

RNA-binding protein 14 (RBM14) and serine/arginine-rich splicing factor 10 

(SRSF10) can interact with enzymes that are involved in the regulation of miRNA 

biogenesis366. Moreover, a few reports have suggested that RNA-binding protein 3 
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(RBM3) can alter miRNA abundance367, and regulate a widespread or specific 

miRNA biogenesis368, 369. Crucially, Matrin-3 (MATR3) inhibits the processing of 

synaptic miR-138 through the CTL of pre-miR-138-2273, 370. To conclude, the 

aforementioned proteins are candidate regulatory factors that regulate the biogenesis 

of miR-153 by interacting with the CTL of its precursors. Further work will be 

focused on monitoring mature miR-153 levels upon knockdown of individual 

proteins. The identification of miR-153 regulators may serve as a drug target for PD 

treatment, through assisting the regulation of α-syn expression. 

 

Figure 14 Candidate proteins involved in the biogenesis of miR-153. RP-SMS 
was performed using the CTL of human pri-miR-153-2 to pull-down proteins from 
heavy HeLa (13C Arg/13C Lys) and light SH-SY5Y (12C Arg/12C Lys) cell extracts. 
Total intensity versus normalised heavy/light ratio of identified proteins are plotted. 
Selected proteins are highlighted in red and listed in the form. Selection criteria: 
intensity>1,000,000; H/L ratio<0.5; frequency of presence in CRAPome<10%. 
RBM3 and MATR3 are included because their indicated roles in miRNA biogenesis. 
The proteins highlighted in bold have not been reported to have RNA-binding 
activities previously. 

1.3 Discussion 

As described in the introduction, the α-syn inhibition effects of miR-7 has been 

wildly recognised. The targeting site on the 3’-UTR of α-syn mRNA was identified 

using a luciferase reporter assay, with the 3rd and 4th nucleotides of the seed both 

mutated (AA to UU)189. Here we validated this site with a single A to U mutation at 

the 3rd nucleotide, proving that miR-7 targeting is highly specific. We have also 

shown that the other two predicted sites may not be involved. Moreover, by 

comparing miR-7 with other α-syn targeted miRNAs according to luciferase levels 

and endogenous α-syn levels, we found miR-7 was the most effective inhibitor, while 
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miR-153 and miR-133b were milder inhibitors. It has been reported that miR-7 and 

miR-153 synergistically repress α-syn expression209. We also tried to co-express 

plasmids carrying pri-miR-7 or pri-miR-153. However, the upregulated levels of 

both mature miRNAs were largely reduced when the same quantity of plasmids were 

co-transfected compared to individual transfection. We suspect that the biogenesis of 

individual miRNAs is affected due to the limit of processing enzymes. MiR-133b has 

been implicated with both direct and indirect inhibition on α-syn, although the 

evidence seems to not be solid219, 221. We observed gentle dose-dependent inhibition 

on α-syn protein levels induced by miR-133b. But this inhibition was not seen on the 

luciferase bearing α-syn 3’-UTR. The point mutation on the predicted binding site 

elevated luciferase levels, but this site is not conserved in other mammalian species. 

Therefore, miR-133b mediated α-syn inhibition is more likely to be indirect. 

Additionally, the lengths of the 3’-UTR of α-syn mRNA vary from 290 to 2,520 nt, 

where the 560-nt and 2,520-nt isoforms are predominant. Here we chose the 2,520-nt 

3’-UTR in our luciferase assays. We can see that most of the valid miRNA targeting 

sites are within the 560-nt range from 5’227. An extended 3,775-nt version was 

uncovered, which bears extra cis-elements downregulating α-syn translation, 

including 10 miRNA targeting sites such as miR-28-5p371. 

To the best of our knowledge, the post-transcriptional regulation of pri-miR-153-2 

has not been reported. The terminal loop of pri-miR-153-2, but not pri-miR-153-1 is 

highly conserved, yet it’s unknown which is the dominant source of mature miR-153. 

We spotted potential inhibitory factors of pri-miR-153-2 biogenesis in SH-SY5Y, 

and identified 13 candidate proteins, especially MATR3 and RBM3 with known 

miRNA inhibitive functions. In addition, nucleolysin TIA-1 isoform p40 (TIA1), 

transformer-2 protein homolog beta (TRA2B) and MATR3 are also predicted by 

RBPmap to bind pri-miR-153-2 through specific recognition motifs. MATR3 RRMs 

can recognise the MAUCUUR motif, therefore may bind AUGUUG at the 5’ of pri-

miR-153-2-CTL, with a P-value of 9.69×10-3 in RBPmap. Strikingly, MATR3 also 

interacts with the CTLs of pri-miR-138-2 and pri-miR-29b-2 through this motif280. 

Thereby, MATR3 may inhibit the biogenesis of pri-miR-138-2 via recognising a 

specific motif and this may be similar in terms of pri-miR-153-2 processing. In 

contrast, RBM3 seems to broadly regulate miRNA levels by associating with most 
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pre-miRNAs and modifying the accessibility of Dicer368. This cold-inducible protein 

also negatively regulates a range of temperature sensitive miRNAs, exemplified by 

miR-142 and miR-143369. However, miR-153 is not among the upregulated miRNAs 

upon RBM3 knockdown in either study368, 369. 

Importantly, four proteins, RTL1, KIF21A, DPYSL2 and Ras-related protein Rab-7a 

(RAB7A) have not been annotated with RNA binding activities before. Since the 

former three are brain or SH-SY5Y enriched, they may be indirectly pulled down by 

the pri-miR-153-2-CTL through protein-protein interactions. However, RAB7A can 

reduce α-syn aggregates through autophagic clearance and reduce the toxicity372. 

Thus, it would be interesting to see if this protein is an inhibitor of miR-153, which 

will paradoxically block α-syn degradation.  

To validate these assumptions, first we need to confirm the presence of inhibitory 

factors by comparing miR-153 processing using cell extracts from SH-SY5Y and 

HeLa. Then use siRNAs to knockdown those candidate proteins and re-evaluate the 

levels of mature miR-153. 

In summary, miR-7, miR-153 and miR-133b are α-syn inhibitors that may function 

against the development of PD pathogenesis, especially miR-7. The biogenesis of 

miR-153 may be post-transcriptionally regulated through the CTL of its precursor in 

neuroblastoma. MATR3 is one of the potential trans-acting factors. Understanding 

these is of great importance for future PD therapeutics that target α-syn expression. 
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2. The development of RP-CONA: an on-bead lysate-based technique for 

RNA/protein modulators 

2.1 Introduction of RNA Pull-down Confocal Nanoscanning (RP-CONA) 

Due to the supremacy of miR-7 in inhibiting α-syn expression, it will be crucial to 

identify small molecules as miR-7 enhancers targeting the miR-7/α-syn pathway for 

potential PD therapeutics. Previously in our lab, we have proved that the biogenesis 

of miR-7 is inhibited by a RBP, HuR, through interaction with the CTL of pri-miR-

7-1, with the assistance of another RBP MSI2268. Notably, the pri-miR-7/HuR 

interaction can be disrupted by oleic acid, a known inhibitor of MSI2, which in turn 

facilitates the production of mature miR-7325. However, OA is not effective at 

micromolar concentrations, has poor bioavailability when tested in cells and is toxic 

in high concentrations373. We hypothesise that small molecules dissociating the pri-

miR-7/HuR interaction will elevate miR-7 levels, therefore inhibiting miR-7 targets 

especially α-syn. Therefore, it will be important to develop a screening technique that 

identifies inhibitors of the pri-miR-7/HuR interaction, which may benefit the 

development of PD therapies in the future. 

Here we combine the method of RNA pull-down from eukaryotic cell lysates374, with 

an on-bead screening platform confocal nanoscanning, and name the new technique 

RP-CONA350, 351, 375. In RP-CONA (Figure 15), we link His6-streptavidin onto Ni-

NTA agarose beads and attach 5’-FITC and 3’-biotin tagged pri-miR-7-1-CTL to the 

streptavidin beads. To prepare cell extracts, we overexpress mCherry-HuR in HuR 

KO HEK293T (Figure 16). The knockout of endogenous HuR helps to eliminate the 

dilution of mCherry signals from untagged HuR. Then we incubate the RNA-coupled 

beads with mCherry-HuR overexpressed cell lysates, and specifically pull-down 

mCherry-HuR by the pri-miR-7-1-CTL. With a confocal nanoscanning image system, 

the bound RNA or HuR can be detected as fluorescent rings on the outer edge of the 

beads in the FITC or mCherry detection channel, respectively. Inhibitors of the 

RNA/protein interaction will attenuate the intensity of mCherry rings without 

affecting FITC levels. The ring intensities are proportional to the level of on-bead 

RNA or protein and can be quantified with a custom plugin in ImageJ.  

The lysate-based RP-CONA has two major advantages compared to other 
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conventional screening techniques, such as FRET and FP, to identify inhibitors of 

RNA/protein interaction. First, cell lysates provide more physiological environment, 

therefore it may avoid false positive hits that are not effective in vivo. Second, RP-

CONA removes the need of protein purification, sometimes a time-consuming and 

costly process. Thus, the technique will benefit the study of RNA/protein events, for 

those proteins with difficulties in purification. 

  

Figure 15 The working flow of RP-CONA. RNA Pull-down (RP): 5’-FITC-pri-
miR-7-1-CTL-biotin-3’ is coupled to streptavidin coated agarose beads. Cell lysates 
are extracted from HuR KO HEK293T cells overexpressing mCherry-HuR and 
treated with small molecules. The RNA-coupled beads are incubated with cell lysates 
to pull-down mCherry-HuR. Confocal Nanoscanning (CONA): Beads are imaged 
using a confocal image scanning platform. On-bead FITC-pri-miR-7-CTL and 
mCherry-HuR are detected with high sensitivity as fluorescent rings on the outer 
shell of bead in corresponding detection channels. Inhibitors can attenuate the 
mCherry fluorescence without affecting FITC signals. Analysis: The fluorescent 
rings are detected in imageJ. Four measurements are taken across each ring and 
generate the fluorescent intensity profiles to obtain intensity values. 
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Figure 16 HuR knockout and overexpression. (A) Design of HuR knockout by 
CRISPR-Cas9. Human HuR exon2 is shown in orange. A pair of guide RNAs are 
shown in blue arrows. PAM sequences are presented. (B) Validation of HuR 
knockout and mCherry-HuR overexpression in HEK293T cells. The endogenous 
HuR and overexpressed mCherry-HuR levels were detected by HuR antibody using 
western blotting. DHX9 was used as a reference protein. 1: Wildtype HEK293T. 2: 
HuR KO HEK293T. 3: HuR KO HEK293T transfected with pJW99-HuR. 

2.2 Homogenisation of RP-CONA signals 

To begin with, we applied the methods of our classic RNA pull-down assay in RP-

CONA. The adipic acid dihydrazide agarose beads were covalently conjugated with 

periodate oxidised FITC-pri-miR-7-1-CTL, incubated in cell lysates containing 

mCherry-HuR, and detected using an Opera HCS instrument (Figure 17). Blank 

beads did not generate any fluorescence in both detection channels. mCherry signals 

were not seen when blank beads were incubated with mCherry-HuR lysates, which 

means mCherry-HuR is not unspecifically associated with the beads. Fluorescent 

beads were detected in the FITC channel when the FITC-pri-miR-7-1-CTL was 

present on the beads and no overlapping signals were detected in the mCherry 

channel. Importantly, the on-bead mCherry were observed when mCherry-HuR was 

pulled-down by the FITC-pri-miR-7-1-CTL and the mCherry intensity seemed 

proportional to the FITC level. However, the fluorescence was not equally 

distributed among the beads. In many beads, the fluorescent components tended to 

penetrate into the beads, rather than concentrate on the outer edge to generate the 

quantifiable fluorescent rings. This can be attributed to the nature of covalent 

conjugation, which is slow and permanent. Therefore, a non-covalent coupling 
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chemistry with high affinity would be preferred in the RNA coupling strategy. 

 

Figure 17 RP-CONA with covalently conjugated RNA beads. For each reaction, 
250 pmol of FITC-pri-miR-7-1-CTL was periodate oxidised and covalently linked to 
20 μl of adipic acid dihydrazide agarose beads. The beads were incubated with 500 
μg of cell lysates containing mCherry-HuR. Images taken in an Opera HCS 
instrument at bright field, FITC, and mCherry channels. Images are shown with 
blank beads; blank beads incubated with cell lysates containing mCherry-HuR; 
FITC-pri-miR-7-1-CTL-beads incubated in lysates-free buffer; and FITC-pri-miR-7-
1-CTL-beads after mCherry-HuR pull-down.  

We subsequently applied the biotin-streptavidin interaction in RNA coupling, the 

known strongest non-covalent biological interaction with a remarkable dissociation 

constant (Kd) of 10-15 M376. 3’ biotinylated FITC-pri-miR-7-1-CTL was coated onto 

commercial streptavidin agarose beads and pulled-down mCherry-HuR from cell 

extracts (Figure 18). With the new linking chemistry, both FITC-RNA and mCherry-

HuR signals were homogenously distributed on the edge of a single bead and 

generated ring-like patterns. Moreover, the mCherry intensity became stronger with 

an increased concentration of mCherry-HuR. However, the ring intensities between 

different beads were variant and some beads were completely dark, which means 

streptavidin was not evenly coated onto the commercial beads.  
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Figure 18 RP-CONA with biotinylated-RNA-streptavidin beads. Images taken in 
an Opera HCS instrument at bright field, FITC, and mCherry channels. For each 
reaction, 15 μl of 50% streptavidin beads were incubated with 62.5 pmol of FITC-
pri-miR-7-1-CTL-biotin, and an increasing concentration of cell lysates containing 
mCherry-HuR. Images are shown with blank beads; blank beads incubated with cell 
lysates containing mCherry-HuR; FITC-pri-miR-7-1-CTL-beads incubated in 
lysates-free buffer; and FITC-pri-miR-7-1-CTL-beads after mCherry-HuR pull-down. 
Total protein levels of mCherry-HuR cell lysates: + 250 μg; ++ 500 μg; +++ 1 mg. 

Due to the poor quality of the commercial streptavidin beads, we manufactured 

home-made beads by attaching His6-streptavidin onto Ni-NTA agarose beads and 

imaged them by CONA (Figure 19). The combination of increased His6-streptavidin 

monomer (10, 50 and 100 pmol) and FITC-pri-miR-7-1-CTL-biotin (50 and 100 

pmol) were investigated. This time, homogenous fluorescent rings were obtained and 

the coefficient of variations (CVs) among the beads in each well were between 15-

20%. Generally, FITC intensities increased proportionally along with the addition of 

streptavidin or FITC-RNA, unless the binding sites of streptavidin were saturated, or 

the RNA was depleted (Figure 19A, B). Crucially, the biotinylated FITC-RNA did 

not bind the beads when streptavidin was absent (Figure 19C). 
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Figure 19 RNA coupling to streptavidin-Ni-NTA beads. (A, B) For each reaction, 
1 μl of 50% Ni-NTA beads were treated with 10, 50, or 100 pmol of His6-
streptavidin, and then incubated with 50 or 100 pmol of FITC-pri-miR-7-1-CTL-
biotin, respectively. The quantifications were obtained by BREAD from three 
technical repeats. Mean FITC ring intensities and maximum SD between the beads in 
each well are shown. (C) Control wells of blank Ni-NTA beads; blank beads 
incubated with 50 pmol of FITC-pri-miR-7-1-CTL-biotin; or blank beads incubated 
with 100 pmol His6-streptavidin. All images were taken in an Opera HCS instrument 
at bright field and FITC channel. 

Finally, we tested mCherry-HuR pull-down with these beads by RP-CONA (Figure 

20). The on-bead pri-miR-7-1-CTL pulled-down mCherry-HuR and generated 

homogenous mCherry ring signals presenting similar quality as the FITC rings (CV< 

20% between the beads in each well). There were weak background mCherry signals 

when mCherry-HuR was present in the system. We assume this is due to weak non-

specific affinity between HuR and Ni-NTA beads. The analysis of FITC-pri-miR-7-

1-CTL and mCherry-HuR rings of a single bead shows that the background signals 

of mCherry and FITC are similar. Therefore, the quantification of ring intensities, 

which are determined by the peak values of the plot profile, is not affected. 
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Figure 20 RP-CONA with RNA-coupled streptavidin-Ni-NTA beads. For each 
pull-down reaction, 1 μl of 50% Ni-NTA beads were treated with 50 pmol of His6-
streptavidin, incubated with 66.7 pmol of FITC-pri-miR-7-1-CTL-biotin and mixed 
with 166.7 μg of mCherry-HuR cell lysates (3 μg/μl). Images taken in an Opera HCS 
instrument at bright field, FITC, and mCherry channels. Images show: blank Ni-
NTA beads incubated with mCherry-HuR cell lysates, blank Ni-NTA beads 
incubated with FITC-pri-miR-7-1-CTL-biotin and then lysates; His-streptavidin 
coated beads incubated with lysates; streptavidin beads coupled with FITC-RNA; 
FITC-RNA-streptavidin beads pulled-down mCherry-HuR from the lysates. A line 
was drawn across a single mCherry-HuR/FITC-RNA/streptavidin bead, and the plot 
profiles of FITC and mCherry intensities were generated in ImageJ. Peak values 
indicate the ring intensities, while the bottom values between the peaks are 
background signals.  

To summarise, we developed the RP-CONA technique to monitor RNA/protein 

interactions and improved the fluorescent ring signals by modifying the RNA 

coupling strategy.   

2.3 The sensitivity of RP-CONA 

2.3.1 RP-CONA senses an untagged RNA competitor 

To validate the sensitivity of RP-CONA, we investigated how RP-CONA would 

respond to the addition of a competitor. The mCherry-HuR cell lysates were treated 

with 32 or 64 μM of untagged pri-miR-7-1-CTL before pull-down (Figure 21). Both 

concentrations of the competitor reduced the mCherry ring signals without exerting 

obvious effects on FITC levels. The ratio of RP-CONA mCherry/FITC intensities 

was significantly inhibited by the competitor, compared to the untreated samples. 

This assay shows that in RP-CONA, the untagged pri-miR-7-1-CTL can associate 

with the free mCherry-HuR and prevent them from binding to the tagged RNA on 

the beads. 
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Figure 21 mCherry/FITC signals are reduced by untagged pri-miR-7-1-CTL. 
Cell lysates containing mCherry-HuR were treated with an increasing concentration 
of untagged pri-miR-7-1-CTL before pull-down. For each pull-down reaction, 1 μl of 
50% Ni-NTA beads were treated with 50 pmol of His6-streptavidin, incubated with 
66.7 pmol of FITC-pri-miR-7-1-CTL-biotin, and mixed with 166.7 μg of mCherry-
HuR cell lysates (3 μg/μl). Images taken in an Opera HCS instrument at bright field, 
FITC, and mCherry channels. The quantifications were obtained by BREAD from 
three technical repeats. Mean relative mCherry/FITC ring intensities and SD between 
triplicates are shown. Statistically significant differences compared to untreated 
samples were analysed using SPSS independent sample t-test, **** P<0.0001. 

2.3.2 RP-CONA senses the small-molecule inhibitor of an RNA/protein interaction 

Previously we have shown that OA can dissociate the pri-miR-7-1-CTL/HuR 

interaction at 500 μM325. Here we treated the mCherry-HuR cell lysates with an 

increasing concentration of OA before pull-down and tested by RP-CONA (Figure 

22). A dose-dependent inhibition of mCherry ring intensities was observed. 

Importantly, the mCherry/FITC ratio was significantly reduced by 500 μM of OA, 

compared to the DMSO control, which is consistent with our previous findings. 

Moreover, the interaction of mCherry-HuR with FITC-pri-miR-7-1-CTL was almost 

entirely inhibited when OA reached 2 mM. Therefore, RP-CONA is effective when 

pri-miR-7/HuR interaction is inhibited by a small molecule. 
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Figure 22 mCherry/FITC signals are reduced by a pri-miR-7/HuR inhibitor. 
Cell lysates containing mCherry-HuR were treated with DMSO, or an increasing 
concentration of OA before pull-down. For each pull-down reaction, 1 μl of 50% Ni-
NTA beads were treated with 50 pmol of His6-streptavidin, incubated with 66.7 pmol 
of FITC-pri-miR-7-1-CTL-biotin and mixed with 166.7 μg of mCherry-HuR cell 
lysates (3 μg/μl). Images taken in an Opera HCS instrument at bright field, FITC, 
and mCherry channels. The quantifications were obtained by BREAD from three 
technical repeats. Mean mCherry/FITC ring intensities and SD between triplicates 
are shown. Statistically significant differences compared to DMSO treated samples 
were analysed using SPSS independent sample t-test, **** P<0.0001. 

2.3.3 RP-CONA senses the increase in RNA levels  

To identify an optimal concentration of FITC-RNA for future screens, we tested the 

responses of RP-CONA upon an increase in RNA levels. The streptavidin-Ni-NTA 

beads were incubated with an increasing concentration of FITC-pri-miR-7-1-CTL-

biotin (Figure 23). The FITC signal increased rapidly when RNA increased from 0 

to 3.5 μM and started to saturate from 5 μM. 2 μM of FITC-RNA was selected for 

further RP-CONA assays, as the system is sensitive towards the RNA levels at this 

concentration. For each concentration, the beads were distributed into 5 wells after 

RNA-coupling. Although the variations between the beads in each well seemed large 

(Figure 23B), with CVs between 10-30%, the SDs between the 5 repeated wells 

were almost neglectable (Figure 23C), with CVs smaller than 5%. This means the 

FITC signals are very stable from well to well. Moreover, since we will calculate 

relative mCherry/FITC intensity for each measurement and the level of on-bead 

mCherry-HuR is presumably proportional to on-bead FITC-RNA, the massive 

variations between the beads may be complemented when we analyse the mCherry-

HuR pull-down in RP-CONA. 



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     94 

 

Figure 23 RP-CONA senses the increase in FITC-RNA levels. For each reaction, 
1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-streptavidin and then 
incubated with an increasing concentration of FITC-pri-miR-7-1-CTL-biotin. Images 
taken in an Opera HCS system at bright field and FITC channel. The quantifications 
were obtained by BREAD from 5 technical repeats. Mean FITC ring intensities and 
maximum SD between the beads in each well (B), and SD between 5 repeated wells 
(C) are shown. Data was curve fitted by non-linear regression (one site-specific 
binding) in Prism 8. 

2.3.4 RP-CONA senses the increase in protein levels  

Finally, we tested the sensitivity of RP-CONA as a response to mCherry-HuR levels. 

From here, we switched the image system to ImageXpress. Compared to Opera HCS, 

ImageXpress provides faster imaging settings while generating images of similar 

qualities. These would advance the application of ImageXpress in robust screens. In 

the previous assays the concentrations of cell lysates were determined by the total 

protein levels according to the absorbance at 280 nm. In this assay, the mCherry-

HuR in the lysates was quantified by mCherry intensity with the help of an mCherry 

standard, which is more precise than the previous method. Here we aliquoted cell 

lysates containing an increasing concentration of mCherry-HuR and dispensed FITC-

pri-miR-7-CTL-1-biotin coupled streptavidin-Ni-NTA beads into the lysates (Figure 

24). There was a linear increase of mCherry/FITC signals along with the increased 

level of mCherry-HuR. Notably, the relative intensities were stable from bead to 

bead (Figure 24B) and well to well (Figure 24C), with both CVs less than 20%.  
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Figure 24 RP-CONA senses the increase in mCherry-HuR levels. For each 
reaction, 1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-streptavidin 
and then incubated with 40 pmol (2 μM) of FITC-pri-miR-7-1-CTL-biotin. The 
RNA-coupled beads were mixed with cell lysates containing an increasing 
concentration of mCherry-HuR in a plate. Images taken in ImageXpress at FITC and 
mCherry channels. The quantifications were obtained in ImageJ with the Ring 
Measure plugin from three technical repeats. Mean mCherry/FITC ring intensities 
and maximum SD between the beads in each well (B), and SD between three 
repeated wells (C) are shown. The data was curve fitted by linear regression, 
R2=0.9902.  

The above assays prove that RP-CONA is a sensitive technique that monitors the 

interaction between pri-miR-7 and HuR. Moreover, the platform is highly flexible 

and can be applied in various confocal image scanning systems. 

2.4 The specificity of RP-CONA  

2.4.1 RP-CONA recognises specific RNA motifs 

To confirm that the mCherry ring signals are representing specific binding events 

between pri-miR-7 and HuR, we swapped the CTL of pri-miR-7-1 with the non-

conserved TL of pri-miR-30a that does not bind HuR (Figure 25A). In RP-CONA 

mCherry-HuR only bound FITC-pri-miR-7-1-CTL but not the chimeric FITC-pri-

miR-7-1/30a TL (Figure 25B). Therefore, RP-CONA reveals the interaction between 
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an RBP and the specific RNA motif it recognises. 

 

Figure 25 RP-CONA recognises specific RNA motifs. (A) A diagram illustrating 
the sequences of the pri-miR-7-1-CTL and the pri-miR-7-1/30a-TL. (B) For each 
RP-CONA reaction, 1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-
streptavidin and then incubated with 40 pmol (2 μM) of FITC-pri-miR-7-1-CTL-
biotin or FITC-pri-miR-7-1/30a-TL-biotin. RNA-coupled beads were incubated in 
cell lysates containing 300 nM of mCherry-HuR. Beads images taken in 
ImageXpress at FITC and mCherry channels. 

2.4.2 RP-CONA recognises specific RBPs 

To test the specificity of RP-CONA towards RBPs, we incubated FITC-pri-miR-7-1-

CTL beads in cell extracts with mCherry or mCherry-HuR. It was obvious that 

mCherry itself did not bind the RNA (Figure 26A), which means that it is HuR that 

mediates the binding activity in RP-CONA. Some RBPs that are not supposed to 

bind pri-miR-7-1-CTL were also investigated using RP-CONA. As previously 

mentioned, Lin28a recognises the GGAG motif through its zinc finger domain264. 

Only weak binding was detected between mCherry-Lin28a and FITC-pri-miR-7-1-

CTL (Figure 26B). Since pri-miR-7-1-CTL does not possess a GGAG motif, the 

binding implies some weak affinity with the CSD of Lin28a. Trim25 was identified 

to have RNA binding activities in our previous research377. In RP-CONA, mCherry 

ring signals were not observed between mCherry-Trim25 and FITC-pri-miR-7-1-

CTL (Figure 26B). We confirmed the overexpression of mCherry-Lin28a and 

mCherry-Trim25 (Figure 27A, B). We also verified that endogenous Trim25 was not 

pulled down by pri-miR-7-1-CTL, compared to the strong levels of HuR pull-down 
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(Figure 27C). As Lin28a is not expressed in wildtype HeLa, we did not test it using 

RNA pull-down assay here. To conclude, RP-CONA generates signals from 

fluorescent RBPs specifically bound to the RNA of interest. 

 

Figure 26 RP-CONA recognises specific RBPs. (A) Pri-miR-7-1-CTL binds 
mCherry-HuR but not mCherry. (B) Pri-miR-7-1-CTL binds mCherry-HuR but not 
other RBPs. For each RP-CONA reaction, 1 μl of 50% Ni-NTA beads were treated 
with 150 pmol of His6-streptavidin, and then incubated with 40 pmol (2 μM) of 
FITC-pri-miR-7-1-CTL-biotin. RNA-coupled beads were incubated in cell lysates 
containing 300 nM of mCherry, mCherry-HuR, mCherry-Lin28a or mCherry-Trim25. 
Beads images taken in ImageXpress at FITC and mCherry channels.  

 

Figure 27 Characterisation of recombinant RBPs. (A) Expression of Lin28a-GFP 
and mCherry-Lin28a. Wildtype HEK293T were transfected with 1: mock (non-
transfected), 2: pEGFP-N1-Lin28a, or 3: pJW99-Lin28a for 24 hrs. The 
overexpressed recombinant Lin28a levels were tested against anti-Lin28a antibody in 
western blot. DHX9 was tested as a reference protein. (B) Expression of mCherry-
Trim25. Trim25 KO HEK293T were transfected with 1: mock (non-transfected), 2: 
500 ng or 3: 5 µg of pJW99-Trim25 for 24 hrs. The overexpressed mCherry-Trim25 
levels were tested against anti-Trim25 antibody in western blot. GAPDH was tested 
as a reference protein. (C) Trim25 pull-down by pri-miR-7-CTL-1. Periodate 
oxidised pri-miR-7-1-CTL was covalently linked to adipic acid dihydrazide agarose 
beads and incubated with wildtype HeLa extracts. HuR and Trim25 in the pull-down 
components were detected by western blot. 1: Input. Unbound proteins from the 
lysates after pull-down. 2: Proteins pulled down by blank beads without RNA. 3: 
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Proteins pulled down by pri-miR-7-1-CTL. 

2.4.3 RP-CONA signals are reduced by antibodies targeting specific RBPs 

Finally, we showed that the anti-HuR antibody can reduce mCherry ring intensities 

in a concentration-dependent manner. Furthermore, this reduction was not seen with 

the addition of anti-Lin28a antibody (Figure 28). To sum up, we prove that the RP-

CONA signals are highly specific towards the target RNA/protein interaction. 

 

Figure 28 RP-CONA signals are reduced by specific antibodies. Cell extracts 
containing 300 nM mCherry-HuR were pre-incubated with 20 ng/µl (+) or 40 ng/µl 
(++) of anti-Lin28a antibody (control) or anti-HuR antibody prior pull-down by 
FITC-pri-miR-7-1-CTL-beads. Beads images taken in ImageXpress at FITC and 
mCherry channels. Mean mCherry/FITC ring intensities and SD between triplicates 
are shown. Statistically significant differences compared to anti-Lin28a antibody 
treated samples were analysed using SPSS independent sample t-test, ** P<0.01, *** 
P<0.001. 

2.5 RP-CONA detects the let-7/Lin28a interaction 

After successfully establishing RP-CONA in pri-miR-7/HuR interaction, we asked if 

this technique can be extended to other RNA/protein combinations. We tested the 

well-established pre-let-7a/Lin28a interaction with different fluorophores, where the 

Cy5 tagged pre-let-7a-1-CTL was incubated in HEK293T extracts overexpressing 

recombinant Lin28a-GFP. Wildtype HEK293T was chosen as it does not express 

Lin28a （Figure 27A）365. Similarly, GFP rings were only formed when Lin28a-

GFP was pulled down by pre-let-7a (Figure 29). 
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Figure 29 RP-CONA detects the let-7a/Lin28a interaction. For each RP-CONA 
reaction, 1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-streptavidin 
and then incubated with 40 pmol (2 μM) of Cy5-pre-let-7a-1-CTL-biotin. RNA-
coupled beads were incubated in cell lysates containing 300 nM of Lin28a-GFP. 
Beads images taken in ImageXpress at Cy5 and GFP channels, shown with Cy5-pre-
let-7a-1-CTL-beads incubated in lysates-free buffer; blank beads incubated with cell 
lysates containing Lin28a-GFP; Cy5-pre-let-7a-1-CTL-beads incubated with cell 
lysates containing Lin28a-GFP; and Cy5-pre-let-7a-1-CTL-beads incubated with cell 
lysates containing 300 nM GFP.   

To test if this RP-CONA assay can detect specific competitors, we subsequently 

introduced non-labelled pre-let-7a-1, or chimeric pre-let-7a-1/miR-16-1 into the let-

7a/Lin28a RP-CONA reactions. In the chimera RNA, the CTL of pre-let-7a-1 was 

replaced by the TL of pre-miR-16-1 (Figure 30A), which is not a Lin28a binder 

according to our previous research277. As expected, the Lin28a-GFP signals were 

significantly reduced by pre-let-7a-1, compared to the chimeric pre-let-7a-1/miR-16-

1, because of the competitive binding between non-labelled pre-let-7a-1-CTL and 

Lin28a (Figure 30B). 
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Figure 30 Let-7a/Lin28a interaction signals are reduced by unlabelled pre-let-7a 
in RP-CONA. (A) A diagram illustrating the sequences of pre-let-7a-1 and pre-let-
7a-1/miR-16-1. (B) Cell extracts containing 300 nM of GFP-Lin28a were incubated 
with 80 pmol of pre-let-7a-1 or pre-let-7a-1/miR-16-TL (control), prior to pull-down 
with Cy5-pre-let-7a-1-CTL-beads. Beads images taken in ImageXpress at Cy5 and 
GFP channels. Mean GFP/Cy5 ring intensities and SD between triplicates are shown. 
Statistically significant differences compared to pre-let-7a-1/miR-16-1 treated 
samples were analysed using SPSS independent sample t-test, ****P<0.0001. 

We also validated the specificity of this assay by introducing polyclonal anti-Lin28a 

antibody, which significantly reduced Lin28a-GFP signals compared to the reference 

anti-HuR antibody (Figure 31). This shows that RP-CONA can be applied to 

monitor different RNA/protein interactions, with high sensitivity, specificity, and 

flexibility.  

 

Figure 31 Let-7a/Lin28a interaction signals were reduced by anti-Lin28a 
antibody in RP-CONA. Cell extracts containing 300 nM Lin28a-GFP were pre-
incubated with 20 ng/µl (+) or 40 ng/µl (++) of anti-HuR antibody (control) or anti-
Lin28a antibody prior pull-down by Cy5-pre-let7a-1-CTL-beads. Beads images 
taken in ImageXpress at Cy5 and GFP channels. Mean GFP/Cy5 ring intensities and 
SD between triplicates are shown. Statistically significant differences compared to 
anti-HuR antibody treated samples were analysed using SPSS independent sample t-
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test, *** P<0.001, ****P<0.0001. 

2.6 Identification of pri-miR-7/HuR inhibitors by RP-CONA 

2.6.1 Pilot RP-CONA screen from a focused library 

A number of small-molecule inhibitors of HuR or Musashi proteins (MSI1 and MSI2) 

have previously been identified, which dissociate the interactions between the 

proteins and their target mRNAs311. We collected the commercially available 

compounds and incubated them in mCherry-HuR cell lysates at 100 μM before pull-

down by FITC-pri-miR-7-CTL using the RP-CONA system (Figure 32). Most of the 

FITC signals remained unchanged after the treatment, except with Ro and DHTS 

which reduced FITC level by 34% and 18% respectively, compared to DMSO 

(Figure 32B). One possible reason is that these compounds convey extreme pH that 

dissociates the His-streptavidin or biotin-Ni interactions at high concentrations. 

Importantly, quercetin, luteolin and gossypol largely inhibited the mCherry signals 

without affecting FITC levels. OA did not show obvious inhibitive effects at 100 μM 

as previously reported325. The Z’ factor of the screen was 0.93, and the CVs of the 

negative control (DMSO) and positive control (untagged pri-miR-7-CTL) equal to 

1.75% and 0.96%, respectively (Figure 32C). Here we define quercetin, luteolin and 

gossypol as potential pri-miR-7/HuR inhibitors, reducing the mCherry/FITC level in 

RP-CONA by more than 50% (Table 3).  
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Figure 32 RP-CONA identifies pri-miR-7/HuR inhibitors from a focused library. 
For each reaction, 1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-
streptavidin and then incubated with 40 pmol (2 μM) of FITC-pri-miR-7-1-CTL-
biotin. Cell lysates containing 300 nM of mCherry-HuR were treated with DMSO, 
50 μM of untagged pri-miR-7-1-CTL or 100 μM of compounds before pull-down. (A) 
Beads images taken in ImageXpress at FITC and mCherry channels. (B) Average 
FITC or mCherry ring intensities and SD between the beads in each well after 
compound treatment are shown. (C) Relative mCherry/FITC ring intensity mean and 
SD between the beads in each well after compound treatment are shown. DMSO 
(RP-CONA ratio: 0.932±0.016, CV: 1.75%, n=5) served as a negative control while 
50 μM of untagged pri-miR-7-1-CTL (RP-CONA ratio: 0.124±0.001, CV: 0.96%, 
n=5) served as a positive control. Z’ = 0.93. Black lines: DMSO mean ± 3×SD 
between 5 repeated wells. Red lines: untagged pri-miR-7-1-CTL mean ± 3×SD 
between 5 repeated wells. At least 400 beads were included in each control analysis.  

Table 3 Inhibition caused by the compounds from the focused library 

Compound Inhibition±SD† (%) 
un.pri-miR-7-1-CTL 86.70±9.79 
quercetin 71.22±16.54 
luteolin 64.88±5.78 
OA 7.08±0.39 
Ro 31.85±2.04 
gossypol 85.09±14.42 
DHTS 48.44±5.87 
CMLD-2 -0.10±0.01 
CPC 5.41±0.38 

† The inhibition caused by the compounds was calculated by mCherry/FITC level 
relative to the average mCherry/FITC of DMSO treated samples. The SD of relative 
inhibitions between the beads in each well after compound treatment are shown. 
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2.6.2 Small-scale RP-CONA screen from an enlarged library 

To analyse RP-CONA’s ability to scale up and to confirm the results of the pilot 

screen, we performed a small-scale screen using an in-house “random” library 

containing 54 FDA-approved drugs or natural products, together with 8 compounds 

from the previous focused library (Figure 33). Here, we applied quercetin as a 

positive control and DMSO as a negative control, which generated CVs of 2.18% 

and 6.70%, respectively. Most compounds did not show significant stabilisation or 

destabilisation of the pri-miR-7/HuR complex compared to DMSO. The primary hits, 

quercetin, luteolin and gossypol showed similar inhibition in these two RP-CONA 

screens. Additionally, we identified that genistein also inhibited the pri-miR-7/HuR 

interaction (48.96±2.33%), albeit less effectively than the previous hits. 

 

Figure 33 Identification of pri-miR-7/HuR inhibitors from an enlarged library. 
A small-scale RP-CONA screen testing the inhibitive effects of 62 compounds (54 
from an in-house library varied from 1 to 100 μM and 8 from the previous identified 
HuR or MSI2 inhibitors at 100 μM) on pri-miR-7/HuR. Relative mCherry/FITC ring 
intensity mean and SD between the beads in each well after compound treatment are 
shown. DMSO (RP-CONA ratio: 1.009±0.067, CV: 6.70%, n=6) served as a 
negative control while 100 μM of quercetin (RP-CONA ratio: 0.288±0.006, CV: 
2.18%, n=6) served as a positive control. Z’ = 0.69. Black lines: DMSO mean ± 
3×SD between 6 repeated wells. Red lines: quercetin mean ± 3×SD between 6 
repeated wells. At least 500 beads were included in each control analysis. 

R
P

-C
O

N
A

 r
at

io
: 

m
C

h
e

rr
y/

F
IT

C



PhD Biomedical Sciences, the University of Edinburgh, 2021                                     104 

Compounds generating larger than 40% (6 times CV of negative controls) inhibition 
are annotated. 

2.6.3 Validation of RP-CONA hits 

To validate the potential pri-miR-7/HuR inhibitors identified by RP-CONA, we 

tested them in a classic RNA pull-down assay, where the pri-miR-7-1-CTL was 

covalently conjugated to the beads and the protein levels after pull-down was 

investigated by western blot (Figure 34). The pull-down of endogenous HuR was 

largely reduced by quercetin and luteolin, compared to DMSO. Inhibitive effects of 

DHTS, Ro and genistein were also observed. However, gossypol interrupted the pull-

down of the RNA helicase DHX9, which recognises double-stranded RNAs so 

universally binds miRNA precursors. Therefore, the inhibitive effect of gossypol is 

unspecific.  

 

Figure 34 Inhibition of endogenous HuR pull-down by pri-miR-7-1-CTL. 
Periodate oxidised pri-miR-7-1-CTL was covalently linked to adipic acid 
dihydrazide agarose beads. HeLa extracts were treated with DMSO or 100 μM of 
each compound prior to pull-down. HuR and DHX9 in the pull-down components 
were detected by western blot. 1: Input. Unbound proteins from the lysates after pull-
down. 2: Proteins pulled down by blank beads without RNA. 3-9: Proteins pulled 
down by pri-miR-7-1-CTL-beads after compound treatment. 

We subsequently focused on the two most effective compounds, quercetin and 

luteolin, and tested their dose-response at a low range of concentrations in RP-

CONA (Figure 35). Interestingly, quercetin and luteolin are close analogues (Figure 

35A) and they showed similar dose-dependent inhibition on mCherry/FITC 

intensities with IC50s of 2.15±0.16 μM and 2.03±0.25 μM, respectively. These 

observations validate the RP-CONA primary hits using a classic biochemical method 

and further confirm quercetin and luteolin as the most promising inhibitors of the pri-

miR-7/HuR complex. 
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Figure 35 Dose-dependent inhibition of quercetin and luteolin in RP-CONA (A) 
Chemical structures of quercetin and luteolin. (B) Increasing concentrations of 
quercetin and luteolin were tested in RP-CONA. Relative mCherry/FITC ring 
intensity mean and SD between triplicated wells after compound treatment are shown. 
The RP-CONA signals were curve fitted by non-linear regression-four parameter 
[inhibitor] versus response, and IC50s were determined with the 4-parameter equation 
in GraFit v7.0.3 (Erithacus Software Limited)351. The IC50s of quercetin and luteolin 
were 2.15±0.16 μM and 2.03±0.25 μM, respectively. 

2.7 Summary 

In this chapter, we describe the development and optimisation of a novel fluorescent 

on-bead screening platform RP-CONA, with which we identified two pri-miR-

7/HuR inhibitors from small-scale libraries, which are characterised further in the 

following chapter. We believe that RP-CONA will become a useful technique for 

monitoring RNA/protein interactions, as well as for the identification of RNA/protein 

regulators. Since Chapter 2&3 are closely related, the discussion of this chapter is 

combined with the next one, which can be found in session 3.8. 
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3. Functional study of pri-miR-7/HuR inhibitors on α-syn expression 

3.1 Quercetin inhibits α-syn expression while upregulating miR-7 

With the hypothesis that pri-miR-7/HuR inhibitors may inhibit α-syn expression by 

inducing mature miR-7 levels, we tested quercetin and luteolin in HeLa cells at 20 

μM concentrations (Figure 36). Notably, quercetin induced a significant 

downregulation of α-syn protein (Figure 36A, B), while upregulating mature miR-7 

by 1.5-fold (Figure 36C). However, luteolin had no significant effect on α-syn or 

miR-7 levels, suggesting different bioavailability, dynamics or cellular metabolism 

compared to quercetin. 

 

Figure 36 Quercetin inhibits α-syn and upregulates miR-7 in HeLa cells. (A, B) 
HeLa cells were treated with 1: DMSO, 2: 20 μM of quercetin or 3: 20 μM of 
luteolin and harvested 48 hrs after treatment. Levels of α-syn and α-tubulin were 
detected by western blot. Mean α-syn/α-tubulin and SEM from three independent 
repeats are shown. (C) HeLa cells were treated with DMSO, 20 μM of quercetin or 
luteolin and harvested 48 hrs after treatment. Mature miR-7 and miR-181d levels 
were determined by qRT-PCR. Mean miR-7/miR-181d and SEM from three 
independent repeats are shown. Statistically significant differences compared to 
DMSO were analysed using SPSS independent sample t-test, ** P<0.01.  

We then tested the levels of pri-miR-7-1 and pre-miR-7-1 after quercetin treatment in 

HeLa cells. Pri-miR-7-1 levels were not changed, while pre-miR-7-1 was 

significantly upregulated (Figure 37A, B). Notably, HuR co-precipitated pri-miR-7-

1 was significantly reduced after quercetin treatment (Figure 37C). Moreover, an 

RP-SMS analysis identified HuR and MSI2 among the proteins that were 

significantly reduced by quercetin after pri-miR-7-1-CTL pull-down (Figure 38).  

Collectively, quercetin inhibits pri-miR-7-1/HuR interaction in cells, therefore 

rescuing the inhibited pri-miR-7-1 processing mediated by HuR/MSI2. 
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Figure 37 The effects of quercetin on miR-7 precursors. (A, B) Quercetin 
increased pre-miR-7-1 levels but not pri-miR-7-1. Wildtype HeLa cells were treated 
by 20 µM of quercetin for 48 hrs. The levels of (A) pri-miR-7-1 and (B) pre-miR-7-1 
were quantified by qRT-PCR. Mean pri-miR-7-1/GAPDH, pre-miR-7-1/pre-miR-
181d and SEM from three independent repeats are shown.  (C) Quercetin dissociates 
the interaction of pri-miR-7-1 with HuR in cells. Mock or HuR-overexpressed HuR 
KO HeLa cells were treated with DMSO or 20 μM of quercetin and harvested 48 hrs 
after treatment. HuR bound RNAs from cell lysates were immunoprecipitated by 
anti-HuR antibody-coated beads and quantified by qRT-PCR. The levels of pri-miR-
7-1 were normalised to DMSO treated mock samples. Mean relative pri-miR-7-1 
levels and SEM from three independent repeats are shown. Statistical tests were 
analysed using SPSS independent sample t-test, ** P<0.01. 

 

Figure 38 Quercetin inhibits HuR and MSI2 binding to pri-miR-7. RNA pull-
down-SILAC mass spectrometry was performed using heavy HeLa extracts (13C-
arginine and 2D-lysine) pre-treated with 100 µM quercetin while light HeLa extracts 
(no labelling) pre-treated with DMSO. The experiment was repeated twice. Identified 
peptides with intensities larger than 1×106 are shown in blue dots. The corresponding 
normalised relative heavy/light intensity ratios are shown. Proteins with H/L ratios 
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less than 0.5 were considered as enriched in light pull-down components. HuR and 
MSI2 are highlighted with red dots. 

We also observed that an increased concentration of quercetin gradually inhibited α-

syn expression (Figure 39A, B). However, a dose-dependent upregulation of miR-7 

was not seen (Figure 39C) and none of these concentrations can induce a statistically 

significant upregulation 

 

Figure 39 Quercetin inhibits α-syn expression in a dose dependent manner. 
HeLa cells were treated with 1: DMSO, or 2-6: an increasing concentration of 
quercetin and harvested 48 hrs after treatment. (A, B) Levels of α-syn and α-tubulin 
were detected by western blot. Mean α-syn/α-tubulin and SEM from three 
independent repeats are shown. Statistically significant differences compared to 
DMSO were analysed using SPSS independent sample t-test, * P<0.05. (C) MiR-7 
levels were detected by qRT-PCR. Mean miR-7/miR-181d and SEM from three 
independent repeats are shown. 

We started these tests with HeLa cells, because these cells have high basal levels of 

α-syn transcripts compared to most other cultured cells, according to The Human 

Protein Atlas365.We then wondered if quercetin also inhibits α-syn expression in 

other types of cells, especially in neurons. We first tested HEK293T cells, but 

significant effects were not seen (Figure 40A). Subsequently, we treated human 

neuroblastoma SH-SY5Y and neuron-like mouse embryonic carcinoma P19 cell lines 

with quercetin and luteolin. Both compounds mediated α-syn inhibition in these 

neuronal cell lines. Nevertheless, the effects were not significant, and the miR-7 

levels were not upregulated (Figure 40B). 
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Figure 40 Quercetin and luteolin inhibit α-syn expression in neuronal cells. (A) 
SH-SY5Y cells were treated with 1: DMSO, 2: 20 μM of quercetin or 3: 20 μM of 
luteolin. P19 cells were treated with 4: DMSO, 5: 20 μM of quercetin or 6: 20 μM of 
luteolin on Day 7 after retinoic acid-induced differentiation. HEK293T cells were 
treated with 7: DMSO, 8: 20 μM of quercetin or 9: 20 μM of luteolin. Cells were 
harvested 48 hrs after treatment. Levels of α-syn and α-tubulin were detected by 
western blot. The experiments were repeated three times independently. (B) SH-
SY5Y cells were treated with DMSO, 20 μM of quercetin or luteolin and harvested 
48 hrs after treatment. Mature miR-7 and miR-181d levels were determined by qRT-
PCR. Mean miR-7/miR-181d and SEM from three independent repeats are shown. 

These results suggest that quercetin is an α-syn inhibitor. However, since an 

enhancement of miR-7 production is not consistently observed, it is uncertain 

whether quercetin acts through the miR-7/α-syn pathway. 

3.2 Quercetin-induced α-syn inhibition is miR-7 independent 

3.2.1 Generation of miR-7 KO cell lines 

To understand if miR-7 is a key factor of quercetin inhibiting α-syn, we generated 

miR-7 KO cell lines by deleting the stem-loop sequence of pri-miR-7-1 in HeLa cells 

with CRISPR-Cas9 (Figure 41). MiR-7 has three loci but dominantly originated 

from pri-miR-7-1, which is regulated by HuR268. The potential miR-7 KO cells were 

initially selected by PCR, since KO cells would have smaller PCR products than the 

wildtype cells at the targeted region (Figure 41B). Afterwards, the miR-7 levels of 

these primary KO cells were quantified by qRT-PCR (Figure 41C). 6 of the cell 

lines (B4, A3, D3, E3, H3 and C5) did not generate detectable miR-7, so these could 

be double KOs. The miR-7 of C3 was depleted by half when compared to the 

wildtype cells, indicating C3 as a single KO. Finally, we chose three cell lines and 

confirmed their sequences (Figure 41D). C3 is a miR-7+/- as miR-7 was deleted in 
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one of its alleles while the other one is intact. B4 is a miR-7-/-, since the miR-7 stem 

loop was removed from both alleles. H3 has miR-7 deleted in one allele. In the other 

allele, however, the fragment was cut off and re-assembled in the opposite 

orientation. Therefore, H3 is a miR-7-/-. The genotyping results match well with the 

qRT-PCR data. In other words, we obtained two miR-7-/- cell lines that did not 

produce detectable miR-7 and one miR-7+/- cell line only expressing half of the 

original miR-7 level. The results also show that pri-miR-7-1 is the dominant source 

of mature miR-7, since the single KO had exact half of miR-7 level compared to 

wildtype cells, while double KO had almost undetectable levels (cycle number>34, 

100-fold lower relative to wildtype cells). 

 

Figure 41 Generation of miR-7 KO cell lines. (A) Design of miR-7 knockout by 
CRISPR-Cas9. The human pri-miR-7-1 stem loop sequence is shown in orange. 
Other Regions are in grey. A pair of guide RNAs flanking the pri-miR-7-1 stem loop 
gene are shown as blue arrows. PAM sequences are presented. (B) Selection of miR-
7 KO HeLa cell lines. Genomic DNA was PCR amplified using a pair of primers 
flanking the pri-miR-7-1 stem loop and analysed on an agarose gel. The deleted stem 
loop region was expected to be around 200 bp. Bands around 700 bp represent a 
potential KO. (C) MiR-7 level of miR-7 KO HeLa. Mature miR-7 and miR-181d 
levels of wildtype HeLa or miR-7 KOs were determined by qRT-PCR. (D) Sequence 
alignment of miR-7 KOs. Sequencing results of miR-7 KOs were aligned to the same 
region of the wildtype HeLa gene in Clone Manager 10. Regions originally encoding 
pri-miR-7-1 stem loop are indicated.  
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3.2.2 Quercetin inhibits α-syn expression in miR-7 KO cells 

The effects of quercetin and luteolin were investigated in both miR-7-/- and miR-7+/- 

HeLa cell lines (Figure 42). Strikingly, α-syn levels showed similar patterns as in 

wildtype HeLa cells (Figure 36A) after treatment with the compounds, with 

quercetin inhibiting α-syn expression in all three cell lines. Thus, the quercetin-

mediated α-syn repression is not dependent on the miR-7/α-syn pathway. 

 

Figure 42 Quercetin inhibits α-syn expression in miR-7 KO cells. HeLa miR-7 
KO H3 (miR-7-1-/-), B4 (miR-7-1-/-) and C3 (miR-7-1+/-) were treated with 1, 4, 7: 
DMSO, 2, 5, 8: 20 μM of quercetin, or 3, 6, 9: 20 μM of luteolin for 48 hrs. 
Expression of α-syn and α-tubulin were detected by western blot. 

3.3 Quercetin inhibits α-syn in an HuR-dependent pathway 

3.3.1 Generation of HuR KO cells 

Previously, we assumed that quercetin worked by disrupting the interaction between 

HuR and pri-miR-7, thereby activating the miR-7/α-syn axis. With the knowledge 

that miR-7 is not essential in the quercetin-induced α-syn repression, it is important 

to know if HuR participates in this pathway. We knocked out HuR in HeLa cells by 

CRISPR-Cas9 and validated the absence of this protein by western blot (Figure 43). 

 

Figure 43 Generation of HuR KO cells. (A) Design of HuR KO by CRISPR-Cas9. 
Human HuR exon2 is shown in orange. A pair of guide RNAs are shown as blue 
arrows. PAM sequences are presented. (B) Validation of HuR knockout in HeLa 
cells. The HuR levels were tested by western blot. DHX9 was tested as a reference 
protein. 1: Wildtype HeLa. 2: HuR KO HeLa. 
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3.3.2 Quercetin does not inhibit α-syn in HeLa HuR KO cells 

The HeLa HuR KO cells were treated with DMSO, quercetin or luteolin, and the 

levels of α-syn protein and miR-7 were analysed (Figure 44). Intriguingly, α-syn 

expression remained unchanged after compound treatment (Figure 44A, B). This 

strongly implies that HuR is an essential part in the pathway of quercetin-mediated 

α-syn inhibition. Nevertheless, quercetin and luteolin induced miR-7 levels in HuR 

KO cells by 2 and 3-fold, respectively (Figure 44C), suggesting a more complex 

machinery of miRNA regulation in the absence of HuR. 

 

Figure 44 Quercetin does not inhibit α-syn in HeLa HuR KO cells. (A, B) HuR 
KO HeLa cells were treated with 1: DMSO, 2: 20 μM of quercetin or 3: 20 μM of 
luteolin and harvested 48 hrs after treatment. Levels of α-syn and α-tubulin were 
detected by western blot. Mean α-syn/α-tubulin and SEM from three independent 
repeats are shown. (C) HuR KO HeLa cells were treated with DMSO, 20 μM of 
quercetin or luteolin and harvested 48 hrs after treatment. Mature miR-7 and miR-
181d levels were determined by qRT-PCR. Mean miR-7/miR-181d and SEM from 
three independent repeats are shown. Statistically significant differences compared to 
DMSO were analysed using SPSS independent sample t-test, * P<0.05. 

3.3.3 Quercetin downregulates α-syn mRNA in an HuR-dependent pathway 

Finally, we investigated the effects of quercetin on α-syn mRNA in wildtype, HuR 

KO, and miR-7 KO HeLa cells (Figure 45). Quercetin mediates a significant 50% 

downregulation in wildtype and all three miR-7 KO cell lines, compared to DMSO 

treated cells. While in HuR KO cells, the α-syn mRNA level was significantly higher 

than it was in other cell lines. This confirms that HuR plays an important role in 

quercetin-mediated α-syn inhibition, and this happens at mRNA level. Moreover, in 

HuR KO cells, quercetin exerted a slight but significant inhibition on α-syn mRNA 
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when compared to DMSO treated samples. This implies the existence of HuR-

independent, alternative pathways that contribute to the α-syn inhibition. 

 

Figure 45 Quercetin downregulates α-syn mRNA in an HuR-dependent 
pathway. Wildtype, HuR KO and miR-7 KO (H3, B4 and C3) HeLa were treated 
with DMSO or 20 μM of quercetin and harvested 48 hrs after treatment. α-syn and 
GAPDH mRNA levels were determined by qRT-PCR. Mean α-syn/GAPDH and 
SEM from three independent repeats are shown. Statistically significant differences 
compared to DMSO, or between quercetin treated cells were analysed using SPSS 
independent sample t-test, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. 

3.4 Quercetin inhibits HuR regulation of α-syn mRNA 

3.4.1 Quercetin inhibits the interaction of HuR/α-syn mRNA  

The 3’-UTR of α-syn mRNA bears AREs that are common binding targets of HuR312. 

Interestingly, the knockout of HuR resulted in a significant decrease of both α-syn 

protein and mRNA (Figure 46). Therefore, α-syn is positively regulated by HuR and 

this can be miR-7 dependent or independent.  
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Figure 46 α-syn is positively regulated by HuR. (A, B) HuR KO leads to decreased 
levels of α-syn protein. Levels of α-syn and α-tubulin in 1: wildtype HeLa, or 2: 
HuR-KO HeLa were detected by western blot. Mean α-syn/α-tubulin and SEM from 
three independent repeats are shown. (C) HuR KO leads to a decreased level of α-syn 
mRNA. α-syn and GAPDH mRNA levels in wildtype or HuR-KO HeLa were 
determined by qRT-PCR. Mean α-syn/GAPDH and SEM from three independent 
repeats are shown. Statistically significant differences compared to wildtype cells 
were analysed using SPSS independent sample t-test, * P<0.05, ** P<0.01. 

To validate the interaction between HuR and α-syn-ARE, we incubated FITC-α-syn-

ARE beads with cell extracts containing overexpressed mCherry-HuR in RP-CONA. 

FITC-TNFα-ARE was also tested as a positive control. The ring signals clearly 

confirmed the strong affinity between HuR and α-syn-ARE in vitro (Figure 47). 

Furthermore, the binding activity showed a linear does-dependent manner, which is 

similar to the TNFα-ARE binding to HuR (Figure 48). 

 

Figure 47 HuR interacts with α-syn-ARE. For each reaction, 1 μl of 50% Ni-NTA 
beads were treated with 150 pmol of His6-streptavidin, and then incubated with 40 
pmol (2 μM) of FITC-TNFα-ARE-biotin (A) or FITC-α-syn-ARE-biotin (B). RNA-
coupled beads were incubated in lysate-free buffer, or cell lysates containing 300 nM 
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of mCherry or mCherry-HuR. Beads images taken in ImageXpress at FITC and 
mCherry channels. TNFα-ARE was used as a positive control.  

 

Figure 48 HuR binds α-syn-ARE in a dose-dependent manner. For each reaction, 
1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-streptavidin and then 
incubated with 40 pmol (2 μM) of FITC-TNFα-ARE-biotin (A) or FITC-α-syn-ARE-
biotin (B). RNA-coupled beads were incubated in cell lysates containing an 
increasing concentration of mCherry-HuR. Beads images taken in ImageXpress at 
FITC and mCherry channels. TNFα-ARE was used as a positive control. Mean 
mCherry/FITC ring intensities and SD between triplicates are shown. The results 
were curve fitted by linear regression in Prism 8. 

We subsequently tested the inhibitive effects of quercetin on TNFα or α-syn-

ARE/HuR interaction in RP-CONA. Interestingly, quercetin only exhibited dose-

dependent inhibition at high concentrations (Figure 49), implying stronger affinity 

between ARE/HuR, compared to pri-miR-7-1-CTL/HuR. Alternatively, quercetin 

may act through different mechanisms on these two types of interactions. 
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Figure 49 Quercetin inhibits α-syn-ARE/HuR interaction in RP-CONA. For 
each reaction, 1 μl of 50% Ni-NTA beads were treated with 150 pmol of His6-
streptavidin, and then incubated with 40 pmol (2 μM) of FITC-TNFα-ARE-biotin (A) 
or FITC-α-syn-ARE-biotin (B) Cell lysates containing 50 nM of mCherry-HuR were 
pre-incubated with an increased concentration of quercetin before pulldown. Beads 
images taken in ImageXpress at FITC and mCherry channels. TNFα-ARE was used 
as a positive control. Mean mCherry/FITC ring intensities and SD between triplicates 
are shown. Statistically significant differences compared to no quercetin were 
analysed using SPSS independent sample t-test, * P<0.05, ** P<0.01, *** P<0.001. 

Importantly, the treatment of quercetin in HeLa cells resulted in a decreased binding 

of α-syn mRNA on HuR, according to a RIP assay (Figure 50). Thus, we prove that 

quercetin can directly interrupt the interaction of α-syn mRNA with HuR not only in 

vitro, but also in cells. 
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Figure 50 Quercetin dissociates the interaction of α-syn mRNA with HuR in 
cells. Mock or HuR-overexpressed HuR KO HeLa cells were treated with DMSO or 
20 μM of quercetin and harvested 48 hrs after treatment. HuR bound RNAs from cell 
lysates were immunoprecipitated by anti-HuR antibody-coated beads and quantified 
by qRT-PCR. α-syn mRNA levels were normalised to DMSO treated mock samples. 
Mean relative α-syn mRNA level and SEM from three independent repeats are 
shown. Experiments conducted by Dr. N. Roy Choudhury.  

3.4.2 Quercetin reverses the positive regulation of HuR on α-syn expression 

Using our previous dual luciferase assay, we found that overexpression of HuR could 

significantly induce the levels of Renilla luciferase bearing the α-syn 3’-UTR 

(Figure 51A), however, without increasing its mRNA levels (Figure 51B). 

Quercetin treatment inhibited both luciferase and its mRNA levels in mock cells. 

Interestingly, when HuR was overexpressed, quercetin reversed the luciferase levels 

without posing significant alterations on its mRNA levels. From this, we conclude 

that HuR positively regulates α-syn expression via its 3’-UTR at translational levels 

and that this regulation can be reversed by quercetin treatment. 
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Figure 51 Quercetin inhibits the HuR-induced expression of luciferase bearing 
the 3’UTR of α-syn mRNA. Mock or HuR overexpressed HeLa cells were treated 
with DMSO or 20 µM of quercetin and transfected with the dual luciferase reporter 
carrying α-syn-3’UTR downstream of the Renilla luciferase gene. Mean 
luminescence levels (A) and mRNA levels (B) of Renilla/firefly luciferases, and 
SEM from 3 independent repeats are shown. Statistically significant differences 
between groups or compared to mock DMSO were analysed using SPSS independent 
sample t-test, * P<0.05, ** P<0.01, *** P<0.001. 

Finally, we tested the effects of quercetin on α-syn mRNA stability. After 

actinomycin D treatment for 6 h, quercetin seemed to slightly destabilise α-syn 

mRNA in wildtype cells, but not HuR-KO cells (Figure 52). To sum up, quercetin 

inhibits α-syn mainly at translational level, with some contribution from regulating 

mRNA levels, including decreasing α-syn mRNA stability. Moreover, the subtle 

contribution from increased miR-7 levels should not be neglected.  
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Figure 52 The effects of quercetin on α-syn mRNA decay. Wildtype and HuR KO 
HeLa cells were treated with DMSO or 20 µM of quercetin, supplemented with 10 
µg/mL of actinomycin D for 0, 6 and 12 hrs respectively. α-syn mRNA and 18S 
levels were determined by qRT-PCR. Mean α-syn/18S and SEM from three 
independent repeats are shown. 

3.5 The effects of quercetin in midbrain dopaminergic neurons 

With firm evidence that quercetin downregulates α-syn in HeLa cells in an HuR-

dependent pathway, it would be interesting to investigate its effects in midbrain DA 

(mDA) neurons, which could be a more relevant model to study PD pathologies. We 

treated the mDA neurons differentiated from human iPSCs with 20 µM of quercetin 

for 5 days. However, neither of the α-syn protein or mRNA levels showed significant 

changes (Figure 53A, B). One possibility is that mDA neurons don’t have abundant 

HuR that allows quercetin to target. The other possibility is that mDA neurons have 

low α-syn levels to start with, therefore the downregulation is difficult to observe. 

With these assumptions, we compared the mRNA levels of HuR and α-syn between 

HeLa and mDA neurons. Interestingly, there is three times more HuR, but only half 

of α-syn in mDA neurons (Figure 53C). Since the materials of mDA neurons are 

limited, we were unable to compare the protein levels here. Moreover, the 

comparison of mRNA between different cell lines may not reflect the differences of 

true expression levels, if the mRNA and protein levels are not correlated378. Thus, the 

lack of effects of quercetin in mDA neurons could be a result of its low level of α-

syn, but this needs further evidence. This doesn’t mean quercetin is not applicable in 

PD treatment. mDA neurons derived from PD patients should be tested in the future, 

where α-syn is supposed to be abnormally overexpressed.  
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Figure 53 The effects of quercetin in mDA neurons. (A) Levels of α-syn and α-
tubulin in mDA neurons detected by western blot after treatment of 1,3: DMSO, or 
2,4: 20 µM of quercetin from Day 45 to 51. (B) α-syn and GAPDH mRNA levels in 
DMSO or quercetin treated mDA neurons were determined by qRT-PCR. Mean 
mRNA levels of α-syn/GAPDH and SEM from two independent repeats are shown. 
(C) HuR, α-syn and GAPDH mRNA levels in HeLa and mDA neurons were 
determined by qRT-PCR. 

3.6 Quercetin specifically alters RBPs and HuR-binding proteins 

Using a non-labelled protein quantification MS technique, we compared the 

proteomics with or without quercetin treatment in HeLa cells. Out of 3048 

proteins/peptides identified, 96 were significantly altered by quercetin with 25 

upregulated and 71 downregulated (Figure 54). Among these, a large percentage of 

proteins are RBPs, or HuR interactors. Interestingly, although α-syn was not 

identified in this assay, we found that two upregulated protein groups, namely 

serine/threonine-protein phosphatase 2B catalytic subunit α/β isoform (PP2B-Aα/β) 

and glycogen synthase kinase-3α (GSK-3α), are involved in the dopaminergic 

synapse pathway. Notably, HuR was identified among those unchanged proteins, 

meaning quercetin treatment does not alter HuR levels. These data clearly confirms 

that quercetin specifically targets HuR, affecting RNA binding activities and 

participating in the DA synaptic transmission.   
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Figure 54 Quercetin specifically alters RBPs and HuR-binding proteins. 
Wildtype HeLa cells were treated with DMSO or 20 µM of quercetin for 48 hrs. The 
protein levels were quantified by MS. The volcano plots reveal the average fold 
changes of quercetin/DMSO versus -log(P-value) from three repeats. Dots 
representing protein/peptides with significant alterations are annotated with black, 
while others are grey. The significance was automatically determined by the MS 
software. Proteins/peptides with positive fold changes are upregulated by quercetin, 
while those with negative fold changes are downregulated. The significantly altered 
proteins/peptides were analysed by DAVID. RBPs are highlighted as black circles, 
HuR-interacting proteins as red dots and players in the DA synapse pathway as green 
dots. HuR is highlighted as a blue dot. 

3.7 Summary 

In this chapter, we showed a pri-miR-7/HuR inhibitor identified from RP-CONA, 

quercetin, as a miR-7 inducer and α-syn inhibitor. Unexpectedly, in addition to the 

HuR/miR-7/α-syn pathway, we identified an alternative miR-7 independent pathway 

that α-syn is directly regulated by HuR. The quercetin-mediated α-syn inhibition 

largely relies on HuR at both mRNA and protein levels. It will be interesting to plan 

follow-up research to fully elucidate the mechanism of this HuR-dependent 

regulation.  
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3.8 Discussion 

3.8.1 Targeting RBPs and miRNAs 

An increasing number of RNA-targeted therapies have drawn global attention in 

recent years. Through the regulation of RNA metabolism, people can find solutions 

for those “incurable” diseases. For instance, SMA is a severe progressive motor 

neuron disorder, caused by the lack of SMN proteins. The aforementioned drugs, 

nusinersen379 and risdiplam380 have shown lifesaving and long-lasting benefits for all 

types of SMA patients, by correcting the abnormal splicing of SMN2 mRNA. 

Current RNA-targeted therapies are mainly focused on the antagonism of RNAs, 

regulating the post-transcriptional events, including maturation, localisation, 

modification, and translation, all of which require cross talk with RBPs311, 381. 

Oligonucleotide drugs enable precise targeting and several RNA modification 

techniques provide improved binding affinity while reducing RNase resistance382. 

Shortly after the outbreak of the COVID-19 pandemic, mRNA vaccines encoding the 

spike protein of SARS-CoV-2 were approved and wildly administrated383. However, 

reports of the rare complication myocarditis after mRNA vaccination are raising 

concerns about the long-term safety of therapeutic nucleotide acids384, yet it is 

uncertain whether this is specific to the mRNA platforms, or SARS-CoV-2 related385. 

On the other hand, small-molecule RNA regulators can largely improve patient 

accessibility compared to oligonucleotide drugs, as the small-molecule SMA drug 

risdiplam is administrated orally, while the ASO drug nusinersen requires intrathecal 

injection311. 

So far, more than 1,000 RBPs have been annotated in humans. Most RBPs are 

ubiquitously expressed, while only a small proportion have tissue-specific expression 

patterns386. There are a diversity of RNA binding domains, including RRM (or RBD), 

K-homology (KH) domain; zinc finger; double stranded RNA-binding domain 

(dsRBD); CSD; Piwi/Argonaute/Zwille (PAZ) domain and others, with more to be 

identified381. Sometimes RBPs contain multiple RNA binding domains and it is often 

difficult to get a full picture of RNA/protein interactions, such as the exact RNA 

motifs and the involvement of auxiliary domains. With the novel protein structure 

predicting algorithm Alphafold387, the full-length structures of many RBPs may be 
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solved soon, which will be helpful to have a better understanding of RBP-mediated 

post-transcriptional regulation. 

As to miRNA-targeted therapies, all the ongoing clinical trials are oligonucleotide 

drugs. Since none of them have entered Phase III (Table 1), it’s hard to predict their 

safety and efficacy. Recently, a Phase III study of an ASO drug tominersen to treat 

HD was terminated for unknown reasons (NCT03761849). Although several siRNA 

and ASOs targeting mRNAs have been approved to treat sever diseases like SMA, 

Duchenne’s muscular dystrophy (DMD) and transthyretin-mediated amyloidosis311, 

these artificial oligos are designed to modify specific mRNA expression. Unlike that, 

endogenous miRNAs can target numerous mRNAs and participate in complicated 

biological networks388, as such introducing or silencing miRNAs will be more 

challenging. As described before, miravirsen is an anti-miR-122 ASO against HCV 

infection88. However, the loss of miR-122 can reactivate embryo-expressed adult-

silenced genes, which may ultimately result in hepatocellular carcinoma389. In human, 

miR-7-5p is predicted to target 558 transcripts with conserved sites234. In addition to 

PD, miR-7 is also downregulated in most types of cancer. It has shown anti-tumour 

potentials by targeting proteins involved in apoptosis or multidrug resistance, 

including breast cancer, glioblastoma, and NSCLC390. Regardless of this anti-cancer 

property, the risks of a miR-7 replacement therapy are not known. Therefore, we 

believe to enhance miR-7 levels by rescuing the HuR-blocked biogenesis, may 

advance the miR-7 supplement strategy, in terms of efficacy and safety. 

3.8.2 RP-CONA: advantages and concerns 

Here we developed the on-bead screening technique RP-CONA to identify 

RNA/protein modulators. Using whole cell extracts, the network of interactive 

proteins is largely maintained, therefore allowing the screens to take place in a 

physiologically relevant environment. The lysate-based technique also advances 

conventional screen methods, such as FRET and FP, which requires the purification 

of recombinant fluorescent proteins, usually a time-consuming step. Moreover, some 

proteins form inclusion bodies, making them extremely difficult to be purified. 

Therefore, RP-CONA provides a simple alternative for the study of these proteins. 

However, there are a couple of problems that need to be further optimised if RP-
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CONA is going to be used in a wide range of applications, as well as in large scale 

circumstances. Firstly, the distribution of beads should be improved. Currently, the 

beads are distributed manually. Even with vigorous shaking and a lot of practice, the 

variations of bead numbers across different wells are not avoidable. These variations 

result in variations of ring signals from pull-down proteins. For example, if the 

number of beads increases, more on-bead pri-miR-7-CTL will be presented in the 

solution that allows mCherry-HuR to bind. Considering a fixed concentration of 

mCherry-HuR distributed across the beads, a well with more beads will have less 

mCherry-HuR enriched on each bead, in another word, a false-positively decreased 

mCherry ring signal. To overcome this, techniques of beads dispensing, or beads 

sorting can be tested. Currently we are using beads with 100 µm diameters. Ideally 

nozzles need to be at least 10 times the size of each bead. We have tested a dispenser 

with a 200 µm nozzle, which was completely blocked by our beads. Therefore, we 

are now exploring the possibility of switching to smaller beads (20 to 50 µm) that 

can go through the nozzles as well as can be piped efficiently. Although a bead 

sorting technique can be more costly, it can guarantee the exact same number of 

beads in each well. With the help of novel techniques to achieve robust and precise 

beads distribution, it looks promising to scale up RP-CONA into an industrial level. 

We have conducted a number of experiments to prove that RP-CONA only shows 

the specific interactions between the target RNA and protein. In addition to pri-miR-

7/HuR, we also successfully applied this technique to identify the interaction of let-

7/Lin28a, TNFα-ARE/HuR, as well as α-syn-ARE/HuR. Importantly, the selection of 

fluorophores is not restricted to FITC/mCherry. Cy5 labelled RNA and GFP tagged 

protein also generated bright ring signals while bound on beads, without the 

interference of bleed-through. Generally, to separate the fluorescent signals of RNA 

and protein, one of them should be labelled by a cyan/green fluorophore, while the 

other one should be chosen from the orange/red range. Furthermore, we observed 

some weak FRET effects between these fluorophore pairs. FRET occurs when two 

fluorophores are in close proximity sharing substantial overlap between the emission 

(donor) and absorption (acceptor) spectra, which results in a transfer of excitation 

energy from the donor to the acceptor fluorophore391. In RP-CONA, the increase of 

mCherry-HuR binding resulted in slight decrease of FITC-ARE signals (Figure 47). 
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On the contrary, an increasing concentration of quercetin led to the slight increase of 

FITC levels (Figure 48). Fortunately, these FRET effects were not seen in the pri-

miR-7/HuR binding, otherwise the inhibition rates would be affected. This is 

probably because that the affinity between pri-miR-7/HuR is weaker than that of 

ARE/HuR. Indeed, most of ARE/HuR possess nanomolar Kd. TNFα-ARE even has 

an impressive picomolar affinity towards HuR392. Compared to FITC/mCherry, the 

emission spectra of GFP and the absorption spectra of Cy5 are overlapped to a much 

lesser extent. However, in terms of Cy5-let-7/Lin28-GFP, the situation is more 

complicated. If the green/red FRET exists, the interruption of RNA/protein binding 

may intensify GFP (donor), but quench Cy5 (acceptor). If this happens, the inhibitive 

effects from a let-7/Lin28a inhibitor determined by GFP/Cy5 ratio will be 

compensated. Therefore, to use a cyan/red fluorophore pair may prevent FRET 

effects to the largest extent. If FRET is unavoidable, it will be better to choose donor 

labelled RNA and acceptor tethered protein to identify RNA/protein inhibitors, such 

as FITC-RNA/mCherry-protein, which will amplify the inhibition effects instead of 

compensating them. 

We chose transient transfection to prepare the mCherry-HuR overexpressed cell 

extracts, to obtain a robust enrichment of the fluorescent proteins. We tried to 

establish a stable cell line with the mCherry-HuR gene randomly integrated in the 

genome of HuR KO HEK293T cells, with the help of a mariner transposase MosI393. 

However, the stable cell line had much weaker mCherry fluorescence and HuR 

expression levels, compared to the products of transient transfection.  To achieve 

stable overexpression levels across different batches of cell extracts, we combined all 

the batches, aliquoted and stored them at -80 ℃, which can be kept for at least one 

year. Our collaborator suggested us to use (-) glycerol Roeder D buffer to prepare 

cell extracts, in case the glycerol made the confocal images blurry. We compared the 

images with or without glycerol in the buffer but didn’t observe any differences 

showing a decrease in quality. Although mCherry-HuR seemed happy in (-) glycerol 

buffer, some proteins such as Trim25 formed aggregations when glycerol was absent. 

Therefore, we would suggest including glycerol in the cell extracts buffer to protect 

the proteins during storage.  

In this research, two of high-content imaging systems were applied. Although both 
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achieved optimal outcomes, their differences should be discussed. Firstly, Opera 

HCS uses two distinct lasers to excite different fluorophores, with an additional LED 

to acquire bright field images. Bright field images are very important at the set-up 

stage for RP-CONA, to check if all the beads are successfully labelled with 

fluorescent RNA. To image the fluorescent beads, the filter settings can be adjusted 

in Opera to acquire maximum fluorescence signals while minimise bleed-through. In 

ImageXpress, fluorescence is powered by a light engine with fixed band filters for 

fluorophores. Thus, it is better to choose fluorophores with little overlap. Secondly, 

we stuck to our collaborator’s protocol of CONA during image acquisition in Opera, 

which requires 35 images to be taken in each well. In ImageXpress, we largely saved 

the time by acquiring 16 images per well. Finally, the Opera images can be 

automatically analysed using our collaborator’s software BREAD, while the 

ImageXpress images require more manpower to get the quantification in ImageJ. We 

have confirmed the reliability of the output after switching the RP-CONA assays 

from Opera to ImageXpress, by comparing the ring intensities. To conclude, despite 

the slight differences, both imaging systems work well for our RP-CONA assays. We 

believe that alternative facilities will also be applicable after certain optimisation 

soon. 

3.8.3 Quercetin: the potential as a future PD therapy 

Using a focused library composed of compounds interrupting the RNA binding 

activities of HuR or MSI2, we identified quercetin, luteolin and gossypol as the most 

potent pri-miR-7/HuR inhibitors (Figure 32). However, the inhibitive effects of 

gossypol showed a lack of specificity according to the RNA pull-down assay (Figure 

34). Quercetin and luteolin are natural flavonoids that ubiquitously exist in 

vegetables and fruits. The extra hydroxyl distinguishes them as flavanol and flavone, 

respectively. Here we identified that only quercetin showed strong inhibitive effects 

on α-syn expression while upregulating miR-7. This suggests quercetin and luteolin 

may present different bioavailability in living cells, despite their similar performance 

in cell extracts. Indeed, quercetin was readily incorporated into the nuclei of SH-

SY5Y cells, while another close flavonoid analogue myrincetin had poor cellular 

uptake394. We have observed that mCherry-HuR is dominantly enriched in the nuclei, 

so it is possible that quercetin is effective due to its accessibility towards HuR. 
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Quercetin is marketed as a nutraceutical, with a recommended daily dose between 

200 to 1,200 mg for dietary supplement395. In nature, this chemical exists as 

quercetin glycosides or aglycone (sugar-free), both of which can be absorbed by 

humans396. The antioxidant properties through multiple pathways of quercetin have 

been widely acknowledged397. Accumulating preclinical and clinical evidence is 

suggesting its protective benefits against diseases related to oxidative stress, 

including cancer and cardiovascular diseases398, 399.  

Importantly, quercetin has shown neuroprotective effects against neurodegenerative 

diseases, especially PD and AD399, 400. Quercetin was proved to be the most effective 

compound from coffee that protects SH-SY5Y cells from glial-mediated neuronal 

toxicity401. Quercetin treatment can inhibit MPP+ induced neuronal PC12 

apoptosis402. A quercetin glycoside named hyperoside suppressed 6-OHDA induced 

oxidative stress in dopaminergic SH-SY5Y cells, by inducing Nrf2403. This is 

consistent with a previous report demonstrating that Nrf2 can be activated by miR-

7203. 

The accumulation of quercetin metabolites was detected in the brain of quercetin-fed 

rats, exhibiting attenuated oxidative stress induced by chronic forced-swimming404. 

Oral delivery of nanoparticle encapsulated quercetin gained an enhanced 

bioavailability across BBB, as well as increased antioxidative effects in different 

animal models of neurological disorders, including AD405. The oral administration of 

quercetin alone, or in combination with peperine, a bioavailability enhancer, 

significantly ameliorated the MPTP and 6-OHDA induced motor deficits in PD rat 

models406. The protective effects of quercetin treatment against dopaminergic 

neurodegeneration were also seen in a MitoPark transgenic PD mouse model, which 

is believed to be achieved through an activation of the PKD1-Akt cell survival 

signalling pathway407. Intraperitoneal injection of quercetin completely reversed 

striatal DA loss in rotenone-infused PD rats, by rescuing mitochondrial dysfunction 

upon oxidative stress408. However, some have reported contradictory results that the 

systematic administration of quercetin did not exert significant neuronal protection 

against 6-OHDA toxicity in vivo409. This could be a lack of bioavailability caused by 

variations from quercetin solvents preparation, or the administration methods. 

Noteworthy, a delayed toxicity of quercetin was reported in 6-OHDA-induced SH-
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SY5Y cells, beyond the early protection410. This has drawn the concern about the 

safety of prolonged quercetin treatment in patients.  

Interestingly, a few reports have addressed the effects of quercetin on α-syn protein. 

Oxidised quercetin can prevent α-syn fibrillization in vitro411. 20 μM of quercetin 

treatment decreased α-syn expression that was induced by 6-OHDA in neuron-like 

PC12 cells, and this is dependent on the mitophagy markers PINK1 and Parkin412. 

Moreover, similar inhibition of midbrain α-syn was also observed in 6-OHDA-

lesioned PD rats, together with relieved motor deficits, reduced neuronal death, and 

partially repaired mitochondrial damage412. On the contrary, an independent research 

found that in PC12 cells α-syn expression was induced by 50 to 500 μM of quercetin, 

albeit reduced when quercetin reached 1 mM413. We found that 20 μM quercetin 

significantly inhibited α-syn expression in HeLa cells (Figure 36), although this 

effect was less obvious in SH-SY5Y and P19 neuronal cells (Figure 40), yet not 

observed in mDA neurons (Figure 53). According to the Human Protein Atlas365, 

HeLa cells have high basal levels of α-syn transcripts when compared with most 

other cultured cell lines, including SH-SY5Y. Therefore, we deduce that quercetin 

may be more effective when the level of α-syn is pathologically enriched. Further 

work should be focused on the treatment of quercetin in different PD modelled cells 

and animals, as well as cells derived from PD patients.  

Moreover, our MS data displays that quercetin can induce the protein levels of PP2B 

(calcineurin) and GSK-3α, both of which are annotated as key players in the DA 

synapse pathway. The identified catalytic PP2B subunits (Aα and Aβ) are highly 

enriched in human brain365. This calcium-regulated protein phosphatase has shown 

pivotal roles in hippocampal-based learning and memory414. A Purkinje cell-specific 

knockout of PP2B in mice impaired potentiation and cerebellar motor learning415. 

PP2B also partially contributes to the dephosphorylation of tau protein, where 

abnormal hyperphosphorylation of tau is seen in AD416. Early evidence has shown 

decreased activity and protein level of PP2B in AD brains417. An accumulation of 

hyperphosphorylated tau, cytoskeletal changes, and learning and memory deficits 

were observed in PP2B-Aα KO mice418. However, PP2B-mediated 

dephosphorylation may stimulate a chain reaction to antagonise dopamine419. 

Therefore, the consequence of PP2B upregulation against neurodegeneration remains 
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uncertain. As to GSK-3, however, the quercetin-induced expression seems to pose 

negative effects on neurodegenerative diseases. α-syn accumulation induces GSK-3β 

activity, enhancing the phosphorylation of  α-syn and tau420. GSK-3α facilitates the 

production of Aβ peptides421. Interestingly, although a few studies showed that GSK-

3 inhibition relived pathogenesis in animal models of PD and AD, the treatments 

were found to decrease dopamine release, neither were effective in preventing DA 

neuron loss in PD animals422. Thus, quercetin-mediated α-syn accompanied by GSK-

3 elevation may reveal an unknown mechanism underlying PD pathogenesis. Due to 

the limitation of the MS technique, or the relatively small size of α-syn (19 kDa), we 

failed to detect this protein in this assay, therefore losing an important positive 

control for these upregulated and downregulated proteins driven by quercetin. These 

protein alterations should be validated using other proteomics quantification methods, 

such as isobaric tags for relative and absolute quantitation (iTRAQ). 

In sum, quercetin has shown a great potential in PD treatment, with its role as a ROS 

scavenger, as well as an effective α-syn inhibitor. 

3.8.4 HuR plays a pivotal role in α-syn regulation 

We hypothesised that quercetin inhibits α-syn via induced miR-7 levels. We did 

observe around 2-fold upregulation of pre-miR-7-1 and mature miR-7, which 

indicates a facilitated miR-7 biogenesis (Figure 36, 37). Unexpectedly, the inhibitive 

effect was still significant in miR-7 depleted cells (Figure 42), implying that the 

increased miR-7 is not the major contributor of α-syn suppression. Indeed, quercetin 

reduced α-syn protein levels by around 60% in wildtype HeLa cells, so it would 

require more than 1000-fold miR-7 upregulation to achieve a similar extent of α-syn 

inhibition in the same cell line (Figure 10, 11). In addition, sometimes miRNA 

abundance is not proportional to their mRNA repressing activities, since many AGO-

bound miRNAs can exist in an inactive reservoir not associated with mRNAs423. 

Alternatively, the upregulated miR-7 may be sponged by ciRS-7, which can 

substantially reduce the potential of miR-7-mediated inhibition191. 

Subsequently, we investigated the effect of quercetin on HuR KO HeLa and found α-

syn expression unchanged after treatment (Figure 44). This shows that HuR is an 

essential regulator for quercetin-mediated α-syn inhibition. Nevertheless, an induced 
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miR-7 level was still observed when HuR was absent. As reviewed in the 

introduction, the biogenesis of miR-7 is also regulated by some other protein 

complexes, including ZC3H7A/B SF2/ASF, NF45-NF90 and QKI269, 280, 289, 290. 

Therefore, the removal of HuR may allow alternative miR-7 regulation pathways to 

take over. This may explain why luteolin did not alter miR-7 levels in wildtype HeLa, 

but significantly induced it by 3-fold in HuR-KO HeLa cells.  

A recent study indicates that HuR binds the 3’-UTR of α-syn mRNA HeLa cells and 

stabilises α-syn mRNA independently from miR-7, although the knockdown of HuR 

only showed mild inhibition on α-syn expression424. In our research, both mRNA and 

protein levels of α-syn were significantly lower in HuR-KO HeLa, compared to the 

wildtype cells (Figure 46). Furthermore, overexpressed HuR largely induced the 

level of a luciferase encoding the 3’-UTR of α-syn (Figure 51). We also validated 

the interaction between HuR protein and α-syn mRNA in cells (Figure 50) and in 

RP-CONA (Figure 48). Taken together, apart from the miR-7 pathway, HuR also 

directly regulates α-syn expression. 

We found a less significant interruptive effect of quercetin on cellular α-syn 

mRNA/HuR, than pri-miR-7-1/HuR (Figure 50, 37C). The in vitro RP-CONA 

assays displayed consistent results. Quercetin was effective at 20 µM in inhibiting 

pri-miR-7-1-CTL/HuR, containing 300 nM of mCherry-HuR in the reactions (Figure 

35), while it required 200 µM of quercetin to interrupt α-syn-ARE/HuR (as well as 

TNFα-ARE/HuR) with 50 nM mCherry-HuR (Figure 49). This suggests higher 

affinity between the α-syn-ARE/HuR than pri-miR-7-1-CTL/HuR, or different acting 

mechanisms of quercetin. Interestingly, the IC50 of quercetin inhibiting HuR 

interaction with TNF-α mRNA in a RNA electrophoretic mobility gel shift assay 

(EMSA) is only 1.4 μM337. Thereby, the RP-CONA results imply that the 

intervention of RNA/protein binding events are different when they take place in cell 

extracts. 

HuR directly binds more than 2,000 transcripts, predominantly at 3’-UTRs (>60%) 

and with a large portion (30-35%) at introns425. Predicted by beRBP426, HuR binds 

the α-syn mRNA at the 7-mer polyU motif at the 3’-UTR, a Class III ARE427 found 

at ~180 nt downstream of the validated miR-7 targeted seed. This motif was 
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previously identified with high affinity to HuR428. Both HuR and miR-7 targeted 

sites are conserved across the variants of α-syn mRNAs. We confirmed this binding 

motif in RP-CONA, using a 28-nt RNA fragment flanking this ARE from α-syn 3’-

UTR. To validate this, more experiments, such as luciferase assays on wildtype or 

ARE-deleted α-syn 3’-UTR, will be necessary in the follow-up research.  

The biological function of full-length HuR is still poorly understood and the 

contribution of RRM3 to RNA-binding has long been neglected. Actually, HuR-

RRM3 plays a crucial role in Class III ARE binding and RRM3-mediated 

dimerisation enhances binding affinity317. Around 250 nt downstream of our 

proposed α-syn-ARE, there is another potential HuR-binding motif (UUUAUUU). 

Dimerised HuR may interact with both AREs and bring them to a closer proximity, 

posing strong effects. 

ARE initiates deadenylation and mediates rapid mRNA decay. HuR may sequester 

essential trans-acting factors from degrading mRNAs bearing AREs429. In addition to 

recognising specific AREs, the stabilisation is also influenced by RNA secondary 

structures beyond ARE regions, which determine the accessibility of HuR392. HuR 

undergoes post-translational modifications as well as nucleocytoplasmic shuttling 

through protein-protein interactions. The cytoplasmic localisation of HuR is also 

important to mRNA stabilisation429. 

In the present research, it remains unclear how HuR promotes α-syn expression. The 

mRNA stability assay showed that the knockout of endogenous HuR only slightly 

destabilised α-syn mRNA (Figure 52). However, the HuR knockout cells have a 

significantly less level of α-syn mRNA at the starting point (Figure 46). It is difficult 

to compare the rates of mRNA decay during actinomycin D treatment after the 

steady state levels have already been affected. We tend to believe HuR exerts its 

common stabilisation effects through α-syn-ARE, according to the previous report 

using transient siRNA-mediated HuR knockdown in the same stability assay424. 

Moreover, HuR seems to promote α-syn translation, since HuR significantly induced 

the luciferase level without increasing its mRNA level (Figure 51). This is consistent 

with the previously published research observing induced translational activities via 

HuR/ARE targeting430. 
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It is not known how quercetin interacts with HuR and leads to reduced mRNA and 

protein levels of α-syn. A simple idea is that quercetin blocks HuR/ARE binding, 

inducing α-syn mRNA decay and inhibiting its translation. However, we cannot 

exclude the possibilities that quercetin may interfere with HuR dimerisation, or other 

protein/protein interactions that would affect HuR trafficking and other post-

transcriptional/post-translational processes. For instance, HuR regulates mRNA 

abundancies through alternative splicing431, as well as alternative polyadenylation432. 

Sometimes, HuR is involved in miRNA-mediated gene repression433.  

The proteomic quantifications identified 31 proteins with RNA-binding activities and 

29 with HuR interactions that are significantly altered by quercetin treatment in 

HeLa cells (Figure 54). 13 proteins fall into both categories. Particularly, the 

downregulated SF3B2 (splicing factor 3B subunit 2) was found to be upregulated in 

PD patients434. Trim28 (transcription intermediary factor 1-beta) was downregulated 

by quercetin. As a key regulator of both α-syn and tau, aberrantly increased Trim28 

was present in cases of synucleinopathy and tauopathy435. Notably, genetic 

suppression of Trim28 reduced the levels of α-syn and tau in mice436. Combining the 

fact that Trim28 is annotated to be interacting with HuR, there may exist an 

uncovered HuR/Trim28/α-syn signalling pathway.  

Among the identified RBPs, we observed that quercetin upregulated the levels of 

NQO1 (NAD(P)H dehydrogenase [quinone] 1), which was also observed by other 

independent research groups in different cell lines437. NQO1 effectively prevented 

aminochrome-induced α-syn oligomerisation as well as the resultant neurotoxicity in 

DA neurons438. Phosphorylated NQO1 can be degraded by the E3 ubiquitin ligase 

Parkin, abolishing its antioxidative activities in PD, while the unphosphorylatable 

NQO1 can prevent MPTP-induced DA neuron loss and rescue motor dysfunctions. 

Notably, the blockage of NQO1 phosphorylation also reduced ROS and α-syn 

pathologies in SNCA transgenic mice439. Other NQO1 inducers, including a 

nutraceutical sulforaphane, a synthesised compound KMS04014, and a natural 

compound β-caryophyllene, have exhibited neuroprotection against different 

neurotoxins in PD models in vitro or in vivo440. 

As to the HuR-interacting proteins, the quercetin-induced PLK1 (serine/threonine-
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protein kinase) plays a double-edged role in neurodegenerative diseases. This kinase 

is upregulated in AD brains and phosphorylates Ser129 of aggregated α-syn441. On 

the other hand, PLK1 is essential for corynoxine-induced neuronal autophagy, 

including the clearance of α-syn and Aβ442. 

Additionally, among the significantly altered proteins, 5 of them (U2SURP, TRIM33, 

SORT1, GLG1, and CHAMP1) are targeted by miR-7 according to TargetScan234. 

All these proteins are downregulated after quercetin treatment, which is very likely a 

result of the induced miR-7 production. 

To conclude, with the help of quercetin, we confirm that HuR is a direct α-syn 

inducer, in addition to its indirect regulation through miR-7. In our current study in 

the context of HeLa cells, it seems that the direct HuR/α-syn pathway dominantly 

controls α-syn expression. 
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Concluding remarks 

1. In this study, we identified miR-7 as the most effective miRNA inhibiting α-syn 

expression, a key protein for PD pathogenesis. Elevating miR-7 levels via 

exogenous or endogenous pathway may become promising PD therapeutic 

strategy. Meanwhile, miR-153 and miR-133b are also α-syn inhibitors. Our data 

strongly suggests that post-transcriptional regulation may exist through the CTL 

of pri-miR-153-2. Understanding the regulation of miR-153 biogenesis may 

provide novel therapeutic targets for PD treatment. 

2. We developed an RNA/protein interaction detection technique RP-CONA, an 

on-bead, lysate-based method with high sensitivity, specificity as well as 

repeatability. This novel technique might benefit the discovery of drugs targeting 

RNA/protein interactions. 

3. Using RP-CONA, we performed several small-scale screenings and identified a 

few potential small molecules inhibiting the interaction of pri-miR-7-1-

CTL/HuR. Among them, quercetin and luteolin are the most potent inhibitors, 

with IC50s around 2 µM in RP-CONA.  

4. Quercetin treatment in HeLa cells can dissociate the pri-miR-7-1/HuR 

interaction, in turn facilitating mature miR-7 production. Quercetin also 

significantly inhibits both mRNA and protein levels of endogenous α-syn in an 

HuR-dependent manner. Combined with the fact that quercetin has shown strong 

neuroprotective effects in PD modelled cells and animals, quercetin treatment 

may benefit PD patients if applied in clinics.  

5. The precise mechanism of quercetin mediated α-syn inhibition is yet to be 

understood. So far, we know that quercetin induces miR-7 by ~1.5-fold, but such 

level of upregulation has minor contribution to α-syn expression in HeLa cells. 

Alternatively, HuR can recognise and bind the ARE of α-syn mRNA 3’-UTR 

directly and mainly promote its translation, which can be interrupted and 

reversed by quercetin (Figure 55). 
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Figure 55 The putative mechanisms of quercetin mediated α-syn inhibition. 
Quercetin dissociates the interaction between pri-miR-7-CTL and the HuR/MSI2 
complex, facilitating miR-7 biogenesis. The upregulated miR-7 can repress α-syn 
expression by targeting at a conserved binding site of the 3’-UTR. Alternatively, 
HuR directly interacts the ARE on the α-syn 3’-UTR and promote α-syn translation. 
Quercetin can disrupt this interaction and inhibits α-syn expression. Figure was 
drawn in Biorender.  
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