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Abstract 

A highly controlled type of short RNA sequences called microRNAs (miRNAs) 

regulates cellular processes via translational repression or degradation of 

target mRNAs. In particular, miRNA-155 plays a central role in the 

macrophage inflammatory response to infection, with dysregulation of miR-

155 associated with pathological inflammation. 

Previous work in the Piccinini lab has identified a post-transcriptional 

mechanism of miR-155 regulation, showing that the extracellular matrix 

(ECM) glycoprotein tenascin-C (TN-C) regulates processing of the miR-155 

transcript (pri-miR155) in lipopolysaccharide (LPS)-stimulated bone marrow-

derived macrophages (BMDMs). However, how this regulation occurs is yet to 

be elucidated.  

This project aimed to identify by what mechanism TN-C regulates miR-155 

processing in activated macrophages, involving examination of candidate TNC 

receptors, intracellular signalling pathways associated with both TN-C and 

miR-155 biogenesis machinery, as well as identification of pri-miRNA features 

associated with TN-Cs regulatory activity. 

Utilising gain and loss-of-function approaches, examination of the candidate 

yes-associated protein (YAP) pathway, an increasingly relevant pathway in the 

study of  cancer and inflammation, showed no association between this 

pathway and the post-transcriptional regulation of miR-155 by TN-C. 

Remarkably, however, for the first time ectopic expression of YAP was found 
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to negatively regulate macrophage miR-155 transcription, this being linked to 

inhibition of the critical pro-inflammatory transcription factor NF-κB.  

Additionally, knockdown of TN-C expression in steady-state  RAW 246.7 

macrophages found TN-C to regulate p38α and MK2, a master regulator of 

RNA-binding proteins, total protein abundance, but not their phosphorylation, 

this being attributed to an increase in p38α mRNA levels as a result of TN-C 

knockdown, occurring via an unknown mechanism. 

Furthermore, siRNA-based knockdown analysis of candidate TN-C receptors 

pointed to integrin αV as potential transducer of TN-C signalling the regulation 

of miR-155 expression. 

Finally, interrogation of RNA-SEQ data  from LPS treated TNC knockout and 

wild type BMDMs found no significant association between specific pri-

miRNAs cis-regulatory elements, known to facilitate miRNA processing, and 

miRNAs modulated by TN-C in a similar manner as miR-155. Interestingly, TNC 

knockout was found to associate with a significant decline in 5p strand mature 

miRNA, with a concurrent induction in the levels of the 3p strand, potential 

evidence of TN-C orchestrating a miRNA arm-switching event.  

Overall, whilst this project rules out YAP and MK2 as molecular players in the 

TN-C-miR-155 pathway, it unveils two new research directions: YAP as 

potential regulator of miR-155 transcription independent of TN-C and, 

excitingly, TN-C as a potential regulator of cell-wide miRNA strand selection. 
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1.1.0 - The Inflammatory Response 

The inflammatory response is a coordinated cascade of processes which 

allows the body to remove detrimental stimuli as well as facilitating the repair 

of damaged tissue 1. Primarily caused by tissue injury or microbial infection, 

acute inflammation is rapidly induced and terminated as part of the innate 

immune response, with prolonged inflammation being a hallmark of 

autoimmune and chronic inflammatory disorders such as rheumatoid arthritis 

and inflammatory bowel disease 2,3.  

The inflammatory response is initiated by pattern recognition receptors 

(PRRs) which are expressed by both immune and non-immune cells. Each PRR 

is activated by specific pathogen derived epitopes, known as pathogen-

associated molecular patterns (PAMPs), or endogenous signifiers of tissue 

damage known as damage-associated molecular patterns (DAMPs). Activation 

of PRRs induces intracellular signalling cascades which elicit the activity of 

transcription factors responsible for the upregulation of genes encoding pro-

inflammatory mediators, including cytokines. These pleiotropic polypeptides 

drive the inflammatory response, interacting with cytokine receptors on 

neighbouring cell surfaces to induce the further establishment of an 

inflammatory environment.  

1.1.1 - Macrophages 

Macrophages are  innate immune cells found within every tissue of adult 

mammals, each playing an integral function within their specific tissue niche 
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as regulators of homeostasis, development and tissue repair in addition to 

their immune responsive functions 4.   

During early development the majority of tissue niches are filled with 

macrophages derived from the embryonic yolk sac 5–7. These populations of 

tissue-resident macrophages persist throughout life and are thought to 

primarily contribute to tissue homeostasis through removal of excess tissue 

material, the preservation of vascular integrity or clearing of cellular debris 8. 

Alternately, macrophages may be differentiated from blood circulating 

monocytes upon their recruitment to tissues and exposure to inflammatory 

signals, with these monocytes themselves generated from the bone marrow 9.   

Macrophages feature a number of cell surface and cytosolic PRRs as well as 

other environmental sensors. These facilitate the recognition, engulfment and 

breakdown of pathogens via a process called phagocytosis, as well as 

triggering the release of factors which regulate and maintain the local 

inflammatory microenvironment through modulating the behaviour of its 

constituent immune cells. These functions as well as the phenotype of the 

macrophage are in turn modified by microenvironmental cues, leading to an 

array of functional states which are often oversimplified with the duality of 

classically- (M1) and alternately-activated macrophages (M2) 10–15. M1 

macrophages are responsive to pro-inflammatory cytokines  as well as 

microbial products and act to promote an anti-pathogen, pro-inflammatory 

microenvironment 16,17. Meanwhile, M2 macrophages are induced by anti-

inflammatory cytokines, Tumour Growth Factor β (TGFβ) and glucocorticoids, 
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this phenotype being associated with an anti-inflammatory microenvironment 

as well as functions such as tissue repair and wound healing 18–20.  

1.1.3 - Toll-like Receptor 4 Signalling 

Toll-like receptors (TLRs) are a family of PRRs consisting of 10 members in 

humans and 12 in mice, deriving their name from their D. melanogaster 

homologue, Toll protein, the first receptor identified as a driver of 

inflammation 21,22. Each TLR has a specific cellular localisation and PAMP 

recognition motifs, allowing for downstream inflammatory signalling tailored 

to the pathogenic threat 23–30. Of interest is the cell-surface TLR4 which is 

activated by bacterial lipopolysaccharide (LPS), a glycolipid which serves as a 

major constituent of the gram-negative bacterial cell wall, as well as 

endogenous proteins such as HMGB1 and tenascin-C 23,31,32. TLR4  can be 

primarily found on the surface of innate immune cells of the myeloid lineage  

such as monocytes, macrophages and dendritic cells, with variable levels of 

expression in all human tissues besides skeletal muscle and the skin, placing 

them at the fulcrum of pro-inflammatory signalling throughout the body 33–35. 

TLR4 is thought to bind lipopolysaccharide (LPS) with the aid of an LPS binding 

protein (LBP), facilitating a TLR4-dependent inflammatory response in the 

presence of only picomolar concentrations of LPS (Figure 1.1.1)36. In 

macrophages CD14 extracts a single LPS molecule from the bacterial outer 

membrane, or LPS micelles which have been destabilised by the LBP, 

transferring this to the protein myeloid differentiation factor 2 (MD-2) which 

in turn interacts stably with the TLR4 ectodomain 36,37. This interaction forms a 
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TLR4-MD-2 heterodimer, with crosslinking and dimerization of two adjacent 

heterodimers occurring as a result of an unbound LPS acyl chain (Figure 1.1.1) 

38,39. The dimerization of the TLR4 ectodomains causes the subsequent 

dimerization of the cytosolic Toll/interleukin-1 receptor (TIR) domains 40, a 

process which occurs in tandem with the migration of the TLR4 dimer to lipid-

raft structures on the plasma membrane 41.  

Figure 1.1.1. TLR4 and TNFR1 signalling. A). The TLR4 signalling pathway. LPS binding, 

facilitated by MD-2, leads to TLR4 dimerization and the recruitment of downstream adaptor 

molecules which cause the up regulation of pro-inflammatory transcription factors. B). The 

TNFR1 signalling pathway. TNF, produced as a result of TLR4 signalling, causes the 

upregulation of pro-inflammatory transcription factors via TRAF2 inducing the IKK and MAPK 

pathways. The protein MADD facilitates the upregulation of the pro-proliferation 

transcription factor ERK, while TRADD conducts pro-apoptosis signalling via a caspase 

cascade. 

In all TLRs, except TLR3, recruitment of the lipid-raft associated 

Toll/interleukin-1 receptor domain containing adaptor protein (TIRAP) occurs, 

stimulating the assembly of a large cytosolic protein scaffold called a 
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myddosome (Figure 1.1.1) 42,43. This facilitates the interaction of the dimerised 

TIR domains with myeloid differentiation primary response protein 88 

(MyD88) which in turn recruits interleukin-1 receptor-associated kinases 

(IRAKs) and drives the recruitment of TNF-receptor associated factor 6 

(TRAF6) an E3 ubiquitin ligase  (Figure 1.1.1) 44,45. Through activation of 

transforming growth factor-β (TGF-β)-activated kinase 1 (TAK1), the IkB kinase 

(IKK) complex and mitogen-activated protein kinase (MAPK) pathways are 

stimulated, giving rise to the activation of the pro-inflammatory transcription 

factors, nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) 

and activator protein 1 (AP-1) (Figure 1.1.1) 46. 

Additionally, TLR4 can form a different structure on the endosomal surface, 

this event occurring after myddosome assembly as the macrophage 

internalises co-localised CD14 molecules (Figure 1.1.1) 47. Dimerised 

endosomal TLR4 is detected by translocating chain-associated membrane 

protein (TRAM) in a similar manner to TIRAP, facilitating the formation of a 

triffosome, named for its constituent signalling adaptor TIR-domain-

containing adapter-inducing interferon-β protein (TRIF). In this structure 

TRAF3-dependent activation of the kinase TBK1 occurs, driving the activity of 

pro-inflammatory interferon regulatory factor 3 (IRF3), NF-kB and AP-1 in a 

MyD88-independent mechanism 48.  

As the regulation of the NF-kB and MAPK pathways in the LPS stimulated 

macrophage are key points of examination within this project their 

mechanisms of activation have been further elaborated upon below. 



28 
 

The NF-kB family proteins NF-Kb1 (p50), NF-kB2 (p52), RelA (p65), RelB and c-

Rel are localised to the cytoplasm of resting cells due to their inhibitory 

interactions with IkB family proteins such as IkBα as well as the NF-kB1 and 

NF-kB2 precursors p105 and p100 (Figure 1.1.2) 49–51. Once activated by TRAF6 

the IKK complex phosphorylates IkBα at two N-terminal serine residues 

prompting its ubiquitin-dependent degradation, this leading to the rapid and 

transient nuclear translocation of NF-kB family members, in particular 

p50/p65 and p50/c-Rel dimers, facilitating their action as pro-inflammatory 

transcription factors 52–54.  

 

Figure 1.1.2. NF-kB and MAPK signalling pathways in inflammation. Schematic 

representations of the NF-kB and the MAPK signal pathways in inflammation. Adapted from 

Wu and Schauss. 201255.  
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TAK1 is also known as MAP3K7, denoting it as part of the MAP kinase kinase 

kinase (MAPK3) family of proteins 56. TAK1 stimulates a MAPK cascade upon 

its activation, phosphorylating MAPK2s including MKK3, MKK4, MKK6 and 

MKK7 (Figure 1.1.2) 57,58. These MKKs in turn stimulate the MK JNK and p38 

pathways which lead to subsequent activation of the transcription factor AP1, 

formed from homodimers of Jun proteins (c-Jun, JunB and JunD) or 

heterodimers also containing a Fos protein (e.g. c-Fos, FosB and Fra1) (Figure 

1.1.2) 59. 

1.1.2 - Mediators of Inflammation 

NF-kB, AP-1 and IRF family members act as transcription factors to induce the 

expression of pro-inflammatory chemokines, anti-apoptotic factors, adhesion 

molecules, tissue degrading enzymes, immune cell activating factors, cell cycle 

regulators, microRNAs and cytokines 60–63. NF-kB is implicated in the 

polarisation of M1 macrophages, characterised by their high production of 

pro-inflammatory cytokines such as IL-1β, IL-6, IL-12 and TNF 64. These cells 

are central drivers of a pro-inflammatory environment, with polarization into 

M2 macrophages signalling a switch to anti-inflammatory and tissue repair 

functionality via increased IL-10, IL-13 and TGF-β secretion 65. 

Primarily produced by M1 macrophages, TNF is referred to as the “master 

mediator of inflammation” due to its myriad of pro-inflammatory functions 

and its fast-initial induction. The TNF receptor 1 (TNFR1) is expressed in all 

mammalian tissues, while the more regulated TNFR2 is typically expressed by 
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immune cells. TNF binds these receptors with a high affinity, with TNFR1 

binding inducing an intracellular cascade that results in further AP-1 and NF-

kB activation. This leads to a positive feedback loop which drives inflammation 

and removes pathogenic stimuli via the creation of a hostile inflammatory 

environment and the activation of M1 macrophages (Figure 1.2.0).  

Due to the potential damaging nature of the pro-inflammatory response, 

negative regulatory mechanisms exist to control TLR4-induced TNF signalling, 

with aberrant TNF production being associated with the pathogenesis of 

autoimmune diseases, including rheumatoid arthritis, Crohn’s disease, and 

atherosclerosis 66–68. TLR signalling components are regulated by a host of 

mechanisms, including phosphorylation, ubiquitination and proteasome-

mediated degradation, physical interaction and conformational change  69. Of 

increasing interest is the role of microRNAs (miRNAs) in TLR4 and TNF 

regulation. These single stranded 20-25 nucleotide long RNA molecules  

mediate  translational repression or degradation of mRNA by directing the 

targeting of the RNA-induced silencing complex (RISC) 70. Several miRNAs are 

implicated in negative feedback loops initiated by TLR4 signalling, with the 

fast induction of these miRNA making them prime mediators of inflammatory 

initiation 71.  

1.2.0 – MicroRNAs 

Beginning with the miRNAs lin-4  and let-7 discovered in 1993 and 2000, 

respectively, these small non-coding RNAs have been implicated over the past 

several decades to be central to mammalian post-transcriptional regulation, 
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with ~2,588 miRNAs identified in humans and >60% of human protein coding 

mRNAs containing at least one miRNA binding site 72–75. miRNAs have been 

shown to participate in the regulation of core cellular processes including 

proliferation, development, differentiation, and the stress response, while 

also influencing the pathology of multiple human diseases such as rheumatoid 

arthritis, cardiac hypertrophy and Alzheimer’s disease 76–82. Due to this broad 

functionality, mammalian miRNA biogenesis is a tightly coordinated multi-step 

process, the dysregulation of which being a hallmark of  disease and cancer 

83,84.  

1.2.1 – miRNA Biogenesis 

Included in this section are excerpts from Dawson and Piccinini 2022 where I 

have reviewed and discussed miRNA biogenesis 84. miRNA genes can be 

located within the intronic or exonic regions of both protein coding and non-

coding DNA loci. They are generally transcribed by RNA polymerase II, and 

thus regulated by transcription factors and epigenetic regulators common to 

this polymerase such as p53 85,86. Transcription of miRNA genes gives rise to a 

>1kb primary-miRNA transcript (pri-miRNA), featuring single-stranded RNA 

interspersed with double-stranded hairpin regions, consisting of stem regions 

wherein the miRNA sequence resides, and topped with terminal loops 87. Due 

to the polycistronic nature of >50% of human pri-miRNAs multiple such 

hairpins can be found within a single pri-miRNA transcript, this allowing co-

transcription of some miRNAs 88. 
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Identification and cleavage of the pri-miRNA into a precursor-miRNA 

transcript (pre-miRNA) is performed within the nucleus by a protein complex 

comprised of the RNase III containing Drosha and the ds-RNA binding domain 

protein DiGeorge syndrome chromosomal region 8 (DGCR8) (Figure 1.2.1). 

This complex, known as the microprocessor, cleaves ~11nt from the hairpin’s 

dsRNA-ssRNA junction, with binding of DGCR8 to the pri-miRNA guiding the 

cleavage via Drosha 89–91. This produces a resultant ~70nt double-stranded 

pre-miRNA with a 5’phosphate and a 2nt 3’ overhang. The core 

microprocessor is assisted in its functionality by the DEAD-box RNA helicases 

DDX17 and DDX5 as well as various heterogenous nuclear ribonucleoproteins, 

which are thought to regulate processing efficiency 90,92. 

Within the nucleus, exportin 5 (XP5) recognises the dsRNA stem and short 3’ 

overhang of pre-miRNA forming a complex with it, alongside the XP5 

associated and GTP bound Ras-related nuclear protein (Ran). XP5 facilitates 

the translocation of pre-miRNA through the nuclear pore, after which the 

hydrolysis of GTP to GDP causes the dissociation of the XP5/pre-miRNA 

complex (Figure 1.2.1) 93.  

Once within the cytoplasm pre-miRNA is bound by Dicer (Figure 1.2.1) 94–96 

.This protein consists primarily of a C-terminal RNase III domain, responsible 

for pre-miRNA cleavage, an N-terminal helicase domain, which interacts with 

the hairpins terminal loop, and a Piwi-Argonaute and Zwille domain (PAZ) 

which binds the pre-miRNA termini 97–99. The PAZ domain preferentially binds 

to the pre-miRNAs 3’ overhang, with RNase III domain-mediated cleavage of 



33 
 

the pri-miRNA occurring 21-25nt upstream 100. However, if the 5’ end is 

thermodynamically unstable with weak pairing this can instead be bound by 

PAZ, changing the cleavage site 101. This process is aided by transactivation 

response element RNA-binding protein (TRBP) and protein kinase activator A 

(PACT), both proteins which modulate the processing efficiency of some pre-

miRNAs 102–104. Cleavage by Dicer results in the removal of the pre-miRNA 

terminal loop, creating a double-stranded mature miRNA transcript which is 

loaded onto the protein Argonaute (AGO) to generate the effector RISC 

complex.  

 

Figure 1.2.1. Classical miRNA biogenesis pathway. The primary miRNA transcript (pri-miRNA) 

is processed by the microprocessor, consisting of Drosha and DiGeorge syndrome 

chromosomal region 8 (DGCR8) proteins. This produces a preliminary miRNA transcript (pre-

miRNA) which is exported from the nucleus via Exportin 5 in a Ran.GTP dependant 

mechanism. Within the cytoplasm the pre-miRNA is further processed by Dicer and associated 

proteins to produce a mature miRNA duplex, which is loaded onto the RNA induced silencing 

complex (RISC). Here strand selection occurs with the remaining strand targeting the RISC to 

complementary mRNA transcripts where it may perform its effector functions. 
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1.2.2 – miRNA Strand Selection84 

During AGO loading strand selection occurs, with one strand of the double-

stranded miRNA being selected as the guide strand and utilised for effector 

targeting, while the other is removed and degraded as the passenger strand. 

Evidence suggests that this process occurs during the loading of the mature 

miRNA onto the Argonaute protein, an essential component of the RISC. 

Specifically, the 5′ end of the retained miRNA strand interacts with a binding 

pocket in the Ago protein that is located at the interface between its MID 

(middle) and PIWI domains, while the 3′ end fits into a hydrophobic cavity 

within the PAZ domain 105–111. The strand that binds to this pocket, either the 

5′ or 3′ strand, denoted as 5p and 3p, respectively, is selected via two criteria. 

The first selection criterion is based on the thermodynamic features of each 

miRNA duplex end, with Ago showing a tendency to incorporate the strand 

with the lowest 5′ end internal stability, probably due to increased access 

given to the MID/PAZ binding pocket, thought to be facilitated by regions such 

as the PAZ phosphate binding pocket 112–114. The second criterion involves the 

identity of the 5′ terminal nucleotide of the miRNA strands, selected via a 

nucleotide specificity loop found within the MID domain of Ago 114. In the case 

of human Ago2, this bias is expressed via a preference for 5′ terminal uridine 

monophosphate (UMP) and adenosine monophosphate (AMP), with an 

affinity approximately 20 times greater than that for cytidine monophosphate 

(CMP) and guanosine monophosphate (GMP), which both sterically clash with 

the specificity loop in the MID domain 107,109. Together, these two criteria 

dictate a strand selection process that results in the asymmetrical functional 
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utilization of the miRNA 5′ and 3′ strands. However, these criteria do not 

account for all miRNA strand asymmetry, with the removal of key amino acids 

within C. elegans Ago-like protein not inhibiting all strand selection 115. This 

was furthered by recent bioinformatic analysis of both miRNA strands, 

identifying that 17–25% of miRNAs examined did not follow either of these 

selection criteria 116. 

1.2.3 – The post-transcriptional regulation of miRNA biogenesis 

miRNA Arm-Switching 

miRNA arm-switching is a phenomenon whereby the strand ratio of miRNA-5p 

and -3p from the same mature miRNA can change between cell and tissue 

type, developmental stage and pathological state. Such regulation often 

involves the synthesis of isomiRs, mature miRNA strands whose RNA 

sequences are different to that of their genomic sequence 117–120. These are 

further grouped into template isomiRs, produced by altered cleavage of the 

miRNA by Drosha or Dicer, or non-template isomiRs, created as a result of 

remodelling factors acting on miRNA ends.  

IsomiRs have been confirmed to functionally associate with the RISC and 

mRNA targets 121,122. For instance, an isomiR of miR-376 aids uric acid 

homeostasis through regulatory targeting not shared by the canonical form 

and, similarly, an isomiR of miR-140-3p regulates the cholesterol pathway by 

targeting unique to this isomiR 123,124. Generation of isomiRs has the potential 

to change the strand ratio as modifications to the 5′ sequence and structure 

of the mature miRNA leads to changes in stability of both ends, thus 
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influencing strand selection by RISC. However, evidence suggests that miRNA 

arm switching events are not solely controlled by the mature strands 

thermodynamic properties, with expression of Tribolium and Drosophila 

miRNA-10 transcript within the same cell line finding each to lead to a 

different strand preference, even though both have an identical mature 

sequence 125. 

miRNA post-synthetic modification 

Similarly to other double stranded RNA, pre-miRNA and mature miRNA are 

targeted by a number of nucleotide modifying proteins such as deaminases, 

uridyltransferases and exonucleases, this leading to the formation of non-

template isomiRs (Table 1.2.1) 126–128. Such isomerism may modify RISC 

association by shifting Dicer cleavage sites or by directly modifying miRNA end 

architecture and the resultant strand selection criteria. Additionally, the 

addition or subtraction of 5’ nucleotides may shift the miRNA seed sequence 

utilised by the RISC, this as well as direct seed sequence nucleotide 

modification influencing miRNA targeting and function 122.  

RNA editing involves sequence modification following base-specific 

deamination of double-stranded RNA, ~90% of such events involving 

adenosine-to-inosine (A-to-I) transitions, with inosine interpreted as a 

functional substitute for guanine (Table 1.2.1) 129. These changes are 

facilitated by the Adenosine Deaminase Acting on RNA (ADAR) family of 

proteins such as ADAR2, the knockout of which within adult mouse brain 
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tissue leading to significantly changes 5p/3p miRNA strand ratios, inferring 

that RNA editing has a direct impact on miRNA strand selection 130. 

In human hepatocellular carcinoma cells the exoribonuclease PARN has been 

shown to cause the deadenylation of the 3’ end of miR-122 causing reducing 

its abundance through destabilisation, with similar activity seen within the 

D.melanogaster exoribonuclease Nibbler (Table 1.2.1) 131,132. Thus, end 

nucleotide removal, as well as addition or substitution, may function in a 

wider context to regulate miRNA biogenesis. 

Meanwhile, eight nucleotidyl transferases are known to add nucleotides to 

miRNA ends, these including GLD2, TUT3, TUT4, TUT7, PAPOLG, TENT1, TENT2 

and TENT6 (Table 1.2.1) 120,132–134. As an example, 3′ terminal uridyl 

transferases 4-7 (TUT4-7) have been shown to elicit 3′ uridylation of miR-324 

leading to a shift in the Dicer cleavage site, influencing end architecture and 

leading to consequential arm switching as miR-324-3p becomes the more 

abundant strand 135. 

 

Name Type 

Nibbler120,131,136 3’-5’ exonuclease 

PARN137 

3’-exonucleases (poly (A) substrate 

preference) 

TENT2, PAPD4, GLD2120,132,133 Poly(A) RNA polymerase 
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TUT4120,134,138,139 RNA uridyltransferase 

TUT3, PAPD5120 Poly(A) RNA polymerase 

MTPAP, TENT6120 Mitochondrial poly(A) polymerase 

PAPOLG132 Poly(A) DNA/RNA polymerase 

TUT1, TENT1120 

Terminal uridylyltransferase and 

nuclear poly(A) polymerase 

TUT7, ZCCHC6, PAD6120,138,139 Terminal uridylyltransferase  

ADAR enzymes129,130,140,141 RNA specific adenosine deaminase 

APOBEC enzymes141 RNA specific cytidine deaminase 

Table 1.2.1. A summary of proteins which perform miRNA post-synthetic modifications. 

Pri-miRNA cis-regulatory motifs 

Publications from the past decade have highlighted the pivotal role of pri-

miRNA cis-acting elements in determining both the propensity of pri-miRNA 

binding to the microprocessor as well as the efficiency of cleavage. These 

elements take several forms and are located throughout the pri-miRNA 

transcript, with it being possible for a pri-miRNA to contain singular, multiple 

or no such elements (Figure 1.2.2)142. 

Of these elements the basal UG and a stable lower stem have been found to 

be the most essential determinants of efficient pri-miRNA cleavage (Figure 

1.2.2) 142. The basal UG motif is located on the 5p arm ~14nt upstream of the 

DROSHA cleavage site at a region called the “basal junction”. The basal 
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junction is recognised and bound by the coordinated action of the DROSHA 

PAZ domain and MB helices, with the U of the basal UG motif taking direct 

part in this binding 143. Once the basal junction is bound by DROSHA the RIIIDs 

is aligned with the RNA lower stem, with optimal placement determined by 

interactions between the RIIIDs and the lower stem. These two events are 

thought to act to position the catalytic residues of DROSHA’s RNA cleavage 

domain ~11nt downstream of the basal junction, leading to accurate cleavage 

of the pri-miRNA into the pre-miRNA 143. Thus, poor dsRNA stability in the 

lower stem region, due to multiple bulges and mismatched residues, or a lack 

of a basal UG motif can both highly impact DROSHA binding and cleavage 

efficiency 142. 

As well as DROSHA the microprocessor complex also consists of a DGCR8 

dimer, its greater pri-miRNA affinity leading to it being the first component to 

bind to the RNA (Figure 1.2.2) 143–145. This binding occurs at the pri-miRNA 

“apical loop” and is facilitated by the apical UGU motif located at the apical 

junction. The UGU motif has been found to interact with the Rhed domain of 

dimerised DGCR8, localising DGCR8 to the apical loop and ensuring the proper 

orientation of the pri-miRNA for subsequent cleavage by DROSHA 146. Apical 

loop size is thought to also be a determinant of DGCR8 binding, with loops 

<7nt found to have reduced enrichment, potential due to a small loop 

hindering DGCR8 association 147.  

Another feature of the pri-miRNA lower stem critical to microprocessor 

cleavage is the basal mismatch GHG (mGHG) motif. This feature is 
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characterised by a guanine preference -7nt downstream of the DROSHA cut 

site on the 3p strand as part of a Watson-Crick or wobble pair, a strong 

preference against guanine at position -6 and a preference for guanine at -5, 

however this not being part of a wobble pair 142,148. The mGHG motif is 

thought to be recognised by the dsRBD domain of DROSHA, facilitating a fine 

tuning of cleavage site determination in addition to the more general 

direction provided by the UG, basal junction and UGUG motifs 142. mGHG 

motifs have also been found elsewhere in the pri-miRNA such as at the apical 

junction 149. These apical mGHG motifs are associated with misplaced DROSHA 

binding, leading to off-target cleavage events and unproductive miRNA 

processing. 

Multiple loops, mismatches, wobble pairs and bulges are conserved and 

enriched within specific pri-miRNA regions and are thought to control both 

accuracy and the efficiency of pri-miRNA processing by Drosha/DGCR8. The 

lower stem asymmetric internal loop (AIL) inhibits cleavage of the pri-miRNA 

3p strand potentially through blocking interaction between RIIIDb of Drosha 

and the RNA duplex, leading to decreased miRNA expression 150. Within the 

middle of the upper stem 7-9nt from the cleavage site the presence of bulges, 

mismatches or wobble-pairs (midBMW_7-9) enhances Drosha cleavage 

accuracy, in a manner that is cooperative with other cis-regulatory elements 

such as UG, UGU and mGHG motifs, targeting Drosha 8bp upstream 151,152. 

Similarly, the midBMW_10-12 reduces the occurrence of unproductive 

cleavage events which give rise to no pre-miRNA, thus enhancing miRNA 

expression, potentially by preventing Drosha from associating with the upper 
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stem region. Meanwhile a similar feature within the seed sequence 

(seedBMW_4-8) instead elicits reduced productive cleavage, pushing the 

Drosha cleavage site further upstream 147,151,152. The action of these latter two 

BMW elements on pri-miRNA processing is strand-dependent, with their 

presence on the 3p strand associated with an enhanced effect on pri-miRNA 

processing compared to the 5p strand 152. Intriguingly, the presence of the 

midBMW_10-12 on the 3p strand, although enhancing pri-miRNA processing, 

blocks Dicer association, thus reducing miRNA expression 152. 

 

Figure 1.2.2. A schematic diagram of pri-miRNA cis-regulatory elements. Adapted from Kim 

et al., 2021153. 

 

 

RNA-Binding Proteins. 

In addition to the traditional components of the microprocessor, Dicer and 

RISC complexes, the association of auxiliary protein cofactors have been 

found to influence miRNA biogenesis by modulating interactions between the 

biogenesis complexes and the RNA duplex (Table 1.2.2).  
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RNA-binding proteins (RBPs) dynamically interact with RNA structures via the 

proteins RNA-binding domains (RBDs), the binding of which being both RNA 

sequence and context dependent. By containing multiple such domains each 

RBP may have multiple, diverse RNA targets, facilitating the varied function of 

RBPs in roles such as RNA transport, processing, decay, localisation, folding, 

storage and post-transcriptional gene regulation 154.  

Multiple RBPs have been shown to bind to pri- and pre-miRNA structures, 

often regulating the association of microprocessor or Dicer components 

resulting in enhanced or aborted miRNA processing (Table 1.2.2). In particular, 

the pri- and pre-miRNA apical loops seems to serve as a key scaffold for RBP 

association, hosting proven functional binding sites for hnRNPA1, MATR3, YB-

1 and Lin28 amongst others 155–160. Alternately, the CNNC motif, located ~17-

18nt downstream of the DROSHA cleavage site on the 3p strand, is 

responsible for the potential association of a range of RNA-binding proteins 

with the microprocessor complex, with processing implications dependent on 

the protein bound 142. For instance, SRSF3 and DDX17 have both been shown 

to bind the CNNC motif, resulting in enhanced pri-miRNA processing 142.  

RNA-Binding 

Protein 

Processing 

Step 

Binding 

Motif 

Pri/pre-

miRNA 

Binding 

Location 

Mechanism Impact on 

pri/pre-

miRNA 

processing 

SRSF3161 

Drosha CNNC 3’ Tail Unknown Enhances 

processing 
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DDX1792 

Drosha VCAUCH 3’ Tail Unknown Enhances 

processing 

hnRNPA2/B1

162,163 

Drosha m6A 5’ Tail Aid Drosha 

targeting to 

pri-miRNA 

Enhances 

processing 

ADAR2164 

Drosha - Stem Blocks 

Drosha 

binding to 

the stem 

independent 

of catalytic 

activity. 

Inhibits 

processing 

hnRNPA1155,1

56 

Drosha / 

Dicer 

UAGGG Apical 

loop 

Promotes 

Drosha 

processing 

through pri-

miRNA 

structural 

changes. 

 

Inhibits 

processing by 

outcompetin

g KSRP. 

Inhibits or 

enhances 

processing 

KSRP165 
Drosha / 

Dicer 

- Apical 

loop 

Unknown Enhances 

processing 
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MATR3157 
Drosha / 

Dicer 

AUCUU Apical 

loop 

Unknown Inhibits 

processing 

YB-1158,159 

Drosha / 

Dicer 

UCAUC Apical 

loop 

Blocks the 

recruitment 

of Drosha 

and Dicer 

Inhibits 

processing 

Lin28A/B 160 

Drosha / 

Dicer 

- Apical 

loop 

Blocks 

Drosha and 

Dicer 

processing 

Inhibits 

processing 

TDP-43 166 
Drosha/ 

Dicer 

- Apical 

loop 

Unknown Enhances 

processing 

RBFOX2167 

Drosha GCAUG Apical 

loop 

Blocks 

Drosha 

binding to 

the apical 

loop through 

structural 

changes. 

Enhances 

processing 

EWS168 

Drosha - Apical 

loop / 

stem  

Recruits 

Drosha co-

transcription

ally 

Enhances 

processing 

HuR/MSI2169 

Drosha - Apical 

loop 

Recruits 

MSI2, 

stabilising the 

Inhibits 

processing. 
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stem and 

blocking 

receptor 

cleavage. 

MBNL1170 

Drosha UGC Apical 

loop 

Out 

competes 

binding of 

the negative 

regulator 

LIN28 

Enhances 

processing 

hnRNPH1171 

Drosha - - Unknown Enhances 

processing 

hnRNPR171 

Drosha - - Unknown Inhibits 

processing 

RBFOX3172 

Drosha GCAUG - Binds to the 

apical loop 

and 

facilitates 

Drosha 

association. 

Binds to the 

stem and 

blocks 

Drosha 

association. 

Inhibits or 

enhances 

processing. 
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FUS/TLS173 

Drosha - - Recruits 

Drosha co-

transcription

ally 

Enhances 

processing 

NF45/90174 

Drosha - - Binds 

endogenous 

pri-miRNA, 

potentially 

blocking 

Drosha 

association. 

Inhibits 

processing 

DDX3X175 
Drosha - - Unknown Enhances 

processing 

Table 1.2.2. A summary of RNA-binding proteins which mediate miRNA processing.  

1.2.4 – miRNA Function 

Once a passenger strand is selected, the RISC complex can begin its effector 

activity, facilitated by the AGO protein which features a N-terminal PAZ 

domain and C-terminal middle (MID) and P-element-induced wimpy testis 

(PIWI) domains. The latter two domains create the interface which holds the 

guide strand (Figure 1.2.1) 105,176,177 . 

The guide strand binds via nucleotide base pairing to complementary mRNA 

sequences within the cytoplasm, with miRNA binding sites being most 

abundant in the mRNA 3’UTR but also occurring elsewhere in the transcript 

178. This binding targets the effector functions of the RISC complex, which vary 

depending on which of the four human AGO proteins are present. For 
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example, AGO2s slicer activity allows it to directly cleave target mRNA, leading 

to their suppression 179,180. This function of AGO2 requires perfect miRNA-

mRNA base pairing, thus limiting the possible targets of this degradation 

pathway 181. Alternative methods of translational suppression and mRNA 

decay have been found to require only partial complementarity, with 

targeting being dependent on the binding of the miRNA seed sequence, 

consisting of nucleotides 2-7 in the guide strand 182. Importantly, this allows 

for a single miRNA to regulate multiple mRNA transcripts, facilitating their 

central regulatory role in complex networks such as those within development 

and inflammation 183.  

Gene silencing via mRNA decay and translational repression requires the 

recruitment of additional effector proteins to the RISC (Figure 1.2.1) 181. This is 

in part facilitated by the cytoplasmic co-localisation of AGO proteins and their 

effector proteins upon RISC-mRNA binding into discrete membraneless 

compartments, these including processing bodies (P-bodies) and stress 

granules 184. This localisation is thought to be controlled through a process of 

liquid-liquid phase separation (LLPS) whereby networks of interactions 

between multivalent molecules, such as proteins containing multi-modular 

interaction domains as well as RNA and DNA molecules, acquire liquid-like 

properties 185. This increased local concentration of RISC components and 

their targets is thought to potentially improve the efficiency of gene silencing 

through improved reaction kinetics, although these compartments are also 

considered as potential storage sites for inactive multivalent molecules, such 

as transcript bound-mRNA decay factors 186,187.  
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mRNA decay is the most common human effector of RISC-mediated silencing. 

In this process, the association of GW182 proteins serves to further recruit 

poly(A)-binding proteins (PABPs) and the deadenylase complexes; carbon 

catabolite repression-negative on TATA-less (CCR4-NOT) and poly(A)-specific 

ribonuclease subunits 2 and 3 (PAN2-PAN3) 188–192. Upon removal of the 

mRNAs 3’poly(A) tail, decapping factors can be recruited by the RISC, 

facilitating removal of the mRNA 5’methyl cap and allowing 5’-3’ 

exonucleolytic decay of the mRNA through the action of exonucleases such as 

XRN1 193–197. One manner in which translational repression is thought to occur 

is via the interaction of the RISC associated protein GW182 with PABPs on the 

mRNA poly(A) tail. This is thought to inhibit the interactions between 

eukaryotic initiation factor 4F (elF4F) and PABPs required for translational 

initiation, thus preventing association of the ribosome and resultant protein 

synthesis 198,199.  

1.2.5 – miRNAs and Inflammation 

Many miRNAs form negative feedback loops with inflammatory signalling 

molecules, creating critical buffers which prevent run-away inflammatory 

activity as witnessed in chronic inflammatory disorders (Table 1.2.3) 200. An 

example of this is the prevention of inflammatory mediator inhibition via 

miRNAs such as miR-146, whose inhibition of IRAK1 and TRAF6 decreases the 

induction of NF-kB, reducing production of pro-inflammatory mediators as 

well as miR-146 itself 201. miRNAs are often induced by the same transcription 

factors that are activated by TLR signalling, granting them the same spatial 
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expression as the inflammatory mediators that they regulate 85. The fast 

inducibility of miRNAs, due to their lack of a requirement for protein 

synthesis, makes these some of the first effectors of TLR signalling, priming 

the transcriptome for inflammation before the initial cytokines are produced. 

This inducibility  allows miRNAs to respond quickly to inflammatory signals, 

initiating the changes in pro- and anti-inflammatory mediator concentrations 

which mark the shift from inflammation  to resolution of inflammation71.  

miR-155-5p is one of the first effectors of TLR4 signalling, being induced ~2 

hours after LPS treatment, and thought to promote the activity of the key pro-

inflammatory cytokine TNF and to inhibit the anti-inflammatory regulator SH-

2 containing inositol 5’polyphosphatase 1 (SHIP1) and suppressor of cytokine 

signalling 1 (SOCS1) 202–207. This aids the induction of inflammation, alongside 

the downregulation of the anti-inflammatory miRNA let-7i and miR-125b, 

both of which are inhibitors of TNF synthesis 208,209. As the immune response 

progresses, anti-inflammatory miRNAs begin to be produced such as the miR-

146 and miR-9, the latter directly targeting NFkB mRNA201,210. This results in 

down-regulation of TLR4 signalling, giving rise to the resolution of 

inflammation as miR-21 induces IL10 production via the inhibition of the 

negative cytokine regulator, programmed cell death 4 protein (PDCD4) 211. 

Upregulation of IL-10 induces a host of anti-inflammatory effects, including 

the down-regulation of miR-155-5p, leading to de-suppression of SHIP1 and 

increasing inhibition of TLR4 signalling, as well as inducing miR-187 which 

down regulates both TNF and IL-6 204,212.  
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miRNA Cell Type Inflammatory 

signals which 

regulate the 

miRNA 

Inflammatory 

signals 

regulated by 

the miRNA 

References 

miR-155 BMDMs, THP1 cells, 

monocytes, 

macrophages, DCs, B 

cells, Treg cells 

TLR2/3/4/9, 

MYD88, TRIF, 

JNK, AP1, NF-

kB, KSRP, 

oxidised LDL, 

TNF, IFNβ, IL-

10, AKT 

MYD88, 

TAB2, IKKɛ, 

FOXP3, 

C/EBPβ, TNF, 

SHIP1, SOCS1 

201,202,204–

206,213–223 

miR-146 THP1 cells, 

macrophages, 

BMDMs, T cells 

TLR2/3/4/5, 

MYD88, NF-

kB, RIG-1, 

TNF, IL-1 

IRAK1, IRAK2, 

TRAF6,  

201,215,216,224,225 

miR-132 THP1 cells, human 

monocytes and 

macrophages, 

BMDMs, splenocytes 

TLR4/9 p300, ACHE 201,210,223,226,227 

miR-21 Inflamed lung tissue, 

RAW264.7 cells, 

alveolar macrophages 

TLR4, MYD88, 

TRIF, NF-kB 

IL-12p35, 

PDCD4 

211,215,228,229 

miR-223 Inflamed lung tissue, 

DCs 

TLR4 TLR4, TLR3, 

IKKα 

221,229–231 
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miR-147 BMDMs, RAW264.7 

cells, THP1 cells, 

alveolar macrophages 

TLR2/3/4, 

MYD88, TRIF, 

NF-kB, IRF3 

ND* 232 

miR-9 Human monocytes 

and granulocytes 

TLR2/4/7/8, 

MYD88, NF-

kB 

NF-kB1 210 

miR-125b H69 cholangiocytes, 

rheumatoid arthritis 

synovial fibroblasts, 

LPS-tolerized THP1 

cells 

 

Splenocytes, BMDMs, 

DCs 

TLR4, NF-kB 

 

 

 

 

 

NF-kB, AKT1 

TNF 208,221,222,233,234 

let-7e Peritoneal 

macrophages 

TLR4, AKT1 TLR4 222 

miR-27b Human macrophages TLR4, NF-kB PPARγ 235 

let-7i H69 cholangiocytes TLR4, NF-kB, 

C/EBPβ  

TLR4 209 

miR-98 H69 cholangiocytes TLR4 MAP4K4 236,237 

Table 1.2.3. Verified miRNA interactions with immune signalling components. *ND = Not 

determined 71. 

1.3.0 - miRNA-155   

First identified in 1997 as a non-coding element within the host gene cluster 

bic, involved in chicken leukosis development, miR-155 has since been 
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established as a conserved component of regulatory networks in both mice 

and humans 238–240. Bic (miR-155 host gene) comprises a 13kb region of 

chromosome 21 and chromosome 16 in humans and mice, respectively 

(Figure 1.3.1). The human and mouse miR-155 host gene contain three exons, 

the last of which containing miR-155 and corresponding to the highest region 

of conservation within this gene across species.  

 

Figure 1.3.1. miR155 host gene schematic. Pictured is NC_000021.9:25562145-25575168, 

Homo sapiens, chromosome 21, GRCh38.p12. Transcription factor binding sites are labelled. 

Adapted from Elton et al., 2013241. 

The miR-155 host gene transcribes a mono-cistronic pri-miRNA which, after 

pri-mRNA splicing, is processed to produce a 65nt pre-miRNA which in turn is 

cleaved to a 24nt miR-155-5p or 22nt miR-155-3p mature miRNA transcript, 

the 5p strand being of greater abundance in the majority of cells which 

mediate inflammation (Figure 1.3.2) 84. The mature miR-155 sequence is 

highly conserved between humans and mice, differing in one nucleotide in the 

non-seed regions of both 5p and 3p strands and with the 3p strand featuring 

one nucleotide difference within the seed region. This having potential 

ramifications when comparing 3p’s targeting between species. Recently, the 

functionality of miR-155-3p has begun to be characterised, with the 
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expression of this miRNA strand and its roles in inflammation, cancer and 

disease having been reviewed previously by Owen Dawson and Anna Piccinini 

84. Due to its abundant induction upon stimulation of the TLR4 pathway by LPS 

in macrophage cells and its key roles in inflammation, miR-155-5p will be 

focused upon and referred to as miR-155 here onwards unless specific 

distinction must be made between strands.  

 

 

Figure 1.3.2. miR-155 sequence conservation and targeting. A) preliminary miR-155 (pre-

miR-155) sequences in human and mouse. miR-155-5p strand (red), miR-155-3p strand 

(blue). B) Conservation of miR-155 sequences. Seed region (red) and sequence differences 

(*). Noticeably miR-155-3p features seed sequence variation between mice and humans, 

possibly leading to different functionality. C) Human miR-115-5p and SHIP1 interaction. 

Binding region, miR-155-5p (red), SHIP1 (blue). Adapted from 71. 

miR-155 has been identified as functionally relevant in a host of cellular 

processes and pathologies, being primarily expressed in the thymus and 

spleen, with elevated miR-155 expression being associated with the 

development of pathological states in other tissues 240,242. Increased miR-155 
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expression has been linked to poor prognosis in multiple disorders such as 

rheumatoid arthritis, multiple sclerosis, infection, and cancers 243–246.  

The functional activities of miR-155 can be divided into three mechanisms. 

Firstly, miR-155 can cause direct negative regulation of a target mRNA 

transcript via complementarity guided RISC association, such as when miR-155 

inhibits IL-13Rα mRNA, resulting in reduction of IL-13 activity and resultant 

M2 macrophage polarisation 247. Secondly, miR-155 can function by indirect 

negative regulation, such as by inhibiting the transcription factor PU.1 and 

thus causing inhibition of its target gene, dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN) 248. This leads to a 

reduction in the pathogen binding ability of DCs, affecting their influence on T 

cell polarisation and resistance to viral infection 248. Finally, miR-155 has been 

shown to function by both direct and indirect positive regulation of mRNA, a 

key example of which is miR-155s apparent multi-level regulation of TNF. By 

inhibiting the negative regulator of TNF, SHIP-1, miR-155 can cause the 

cytokines functional upregulation 206. Similarly, by inhibiting the STAT pathway 

inhibitor, suppressor of cytokine signalling-1 (SOCS-1), miR-155 upregulates 

pro-inflammatory cytokine release 217.  

1.3.1 – Regulation of miRNA-155 Biogenesis  

Transcriptional control  

A number of transcription factors and enhancers have been associated with 

the induction of miR-155 expression with their binding sites mapped to the 

miR-155 host gene transcription start site (TSS) and promoter regions.  
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During TLR signalling both NF-kB and AP-1 have been shown to activate 

transcription of miR-155 (Figure 1.3.1)201,204,249. Three NF-kB binding sites have 

been identified within the miR-155 host gene, two of which within the miR-

155 promoter region far upstream of the TSS and one more proximal to the 

TSS 250,251. NF-kB has been confirmed to bind to these sites via electrophoresis 

mobility shift assay and chromatin immunoprecipitation experiments, with 

such binding inducing miR-155 expression.  Additionally, an AP-1 consensus 

sequence can also be found upstream of the TSS, the functionality of which 

has been found to be a requirement for LPS treatment to induce miR-155 

expression in RAW 264.7 cells 204,252–254. 

Intriguingly, the anti-inflammatory cytokine IL-10 has been implicated in the 

downregulation of the transcription factor-based induction of miR-155. IL-10 

treatment was found to suppress the LPS-mediated induction of miR-155 via a 

STAT3-dependent mechanism which utilises the Ets1 binding site within the 

miR-155 host gene 204. 

Outside of the inflammatory context, key transcriptional regulators of miR-

155 include Mothers against decapentaplegic homolog 4 (smad4), breast 

cancer gene 1 (BRCA1), interferon regulatory factor (IRF), interferon-sensitive 

response element (ISRE), enhancer-box elements (E-box), and forkhead box 

P3 (FOXP3) which also feature bindings sites within the miR-155 host gene 

(Figure 1.3.1) 241,255–257. 

Beyond the transcriptional control of miRNAs, multiple regulatory proteins 

may facilitate the regulation of specific miRNA subsets through modulation of 
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the biogenesis process. In particular, by regulating processes such as the 

incorporation and cleavage of pri-miRNA at the microprocessor and pre-

miRNA by Dicer, the export of miRNAs from the nucleus and their stability 

once mature, miRNA maturation can be closely regulated in response to 

specific cellular cues. In the case of miR-155 its pro-inflammatory function 

makes its post-transcriptional regulation imperative, so that the misregulation 

of such mechanisms do not give rise to the aberrant expression found within 

detrimental contexts such as cancers and chronic inflammatory disorders.   

Regulation of pri-miR-155 

The presence or absence of cis-regulatory motifs (section 1.2.3) have been 

found to be critical in facilitating pri-miRNA incorporation and efficient 

cleavage by the microprocessor.  

Human pri-miR-155 does not feature an apical UGU motif, known to facilitate 

DGCR8 binding, while its mGHG motifs, associated with accurate Drosha-

mediated cleavage, have been predicted by Chul Kwon et al. to have no 

significant effect on cleavage site determination 142. Thus, its basal UG motif is 

the only key site of cleavage determination present. Its location 2 nt upstream 

of the predicted basal junction leads to the possibility of alternate cleavage 

events, with the Drosha known to cleave both 13 bp upstream of the basal 

junction and 14 bp upstream of the UG motif, depending on the contribution 

of other motifs 142. In addition, the lack of a CNNC motif 17–18 nt downstream 

of the cleavage site makes regulation of pri-miR-155 processing by the 

Microprocessor co-factors DDX17 and SRF3 unlikely 147,258. Overall, these 
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factors, coupled with the predicted structural features of pri-miR-155 such as 

its small apical loop of 4 nt, present a pri-miRNA structure indicative of 

reduced accuracy and efficiency of processing as a result of sparse 

microprocessor interactivity 147. It could be speculated that this is 

advantageous, acting as a buffer against mis-regulated miR-155 transcription, 

the detrimental consequences of which being apparent in the known 

oncogenic and chronic inflammatory functions of miR-155-5p 243,246. For 

example, a hereditary breast cancer associated mutation within the pri-miR-

155 sequence leads to increased expression levels, speculated to be due to 

enhanced microprocessor activity as a result of a more open pri-miRNA 

structure 259.  

KHSRP has been identified as an enhancer of pri- and pre-miR-155 cleavage 

efficiency within macrophage cell lines, conforming to a wider function of the 

protein as it interacts with the Microprocessor and Dicer through binding to 

the pri- and pre-miRNA apical loop, promoting cleavage in a subset of miRNAs 

165,223,260. In addition, activation of KHSRP by type 1 interferon within TLR7 

stimulated dendritic cells was associated with enhanced miR-155-5p but 

reduced miR-155-3p expression, implying that KHSRP may reinforce miR-155 

strand selection 261.  

Recently, it was found in a dextran sodium sulphate (DSS) induced murine 

model of ulcerative colitis that neurite outgrowth inhibitor B (Nogo-B) 

knockdown induces pri-miR-155 but reduces pre- and mature miR-155 

expression in macrophage cells 262. Nogo-B was found via co-
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immunoprecipitation experiments to associate with the RBP p68 (DDX5), with 

p68 knockdown preventing miR-155 induction as a result of Nogo-B 

overexpression. Elsewhere p68 has been identified as a regulator of 

microprocessor activity, showing association with both Drosha and DGCR8 in 

co-immunoprecipitation experiments 90,263. However, whether p68 regulates 

miR-155 outside of the context of DSS treatment remains to be seen.  

Immobilised miRNA hairpins were used by Treiber et al., to examine novel 

RBPs which act to regulate miRNA biogenesis. Lysates from 13 different 

human cancer cell lines showed pre-miR-155 to bind to multiple RBPs 

including zinc finger 346 (ZNF346), zinc finger 385A (ZNF385A) splicing factor 1 

(SF1) and ADARB1 264. Although associated with RNA binding, processing, and 

stabilisation none of these have been shown to regulate miRNAs, with further 

experimentation necessary to confirm this function.  

Lastly, the timely control of miR-155 degradation is vital to facilitate the 

resolution of the inflammatory response once infection has been cleared. 

Notably, both miR-146a and miR-21 have long half-lives, with this prolonged 

stability leading to reduced miR-155 expression at later stages of 

inflammation as they enhance anti-inflammatory pathways 249,265. It has been 

demonstrated that a loss of miR-146-based control of miR-155 leads to more 

rapid and prolonged miR-155 induction. Beyond this, however, the 

mechanism by which miR-155 stability is controlled has yet to be identified.   
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1.3.2 - miRNA-155 and Cancer  

miR-155 is one of the most studied oncogenic miRNAs, with its dysregulated 

expression identified in both solid and haematological cancers including lung, 

breast, pancreatic, gastric, colorectal and endometrial cancers as well as 

melanoma, glioblastoma and osteosarcoma 266–274. A core oncogenic feature 

of miR-155 is its association with cancer drug resistance, with the injection of 

miR-155 overexpression vectors into lung cancer cells eliciting elevated levels 

of resistance to the drug Cisplatin, while miR-155 inhibition resulted in 

impaired resistance development 275. Additionally, administration of 

chemotherapeutics to osteosarcoma cells resulted in increased expression of 

miR-155 alongside an increase in autophagy and reduced drug effectiveness 

276.  In lung cancer and leukaemia this drug-resistant function of miR-155 has 

been associated with miR-155’s direct negative regulation of the tumour 

suppressor gene TP53, the gene that encodes p53, this gene itself forming a 

negative feedback loop with miR-155, although the precise mechanism 

whereby this contributes to cancer drug resistance is unknown 275.  

As well as playing a role in the cancerous tissue itself, miR-155 facilitates key 

processes which orchestrate the immune response to cancer and the 

development of the tumour microenvironment 272,277. These regulatory 

processes are immune cell dependent, with upregulation of miR-155 having 

pro- or anti-tumour effects in different immune cell types 278. For example, 

through miR-155-mediated reduction in IL-13 signalling miR-155 expression 

promotes a decrease in the local population of pro-tumour M2 polarised 
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macrophages, while miR-15-mediated repression of SOCS1 and SHIP-1 in 

myeloid-derived suppressor cells promotes colony formation, proliferation 

and resultant tumour development 247,279.  

1.3.3 - miRNA-155 and Rheumatoid Arthritis  

Rheumatoid arthritis (RA) is a chronic inflammatory disorder of the joints, 

whereby an autoimmune response gives rise to symptoms such as synovial 

hyperplasia, bone and cartilage degradation and autoantibody production 280. 

miR-155 is implicated at the core of this disease, with blood and synovial 

monocytes of RA patients having significantly increased expression of the 

miRNA, and miR-155 deficient mice showing resistance to RA induction 281.  

miR-155 is thought to facilitate RA pathogenesis via a multi-level mechanism. 

Synovial monocytic miR-155 promotes the release of inflammatory 

chemokines which recruit more monocytes to the synovium, while also 

supporting migration into inflamed tissue by upregulated lymphocyte 

function-associated antigen 1 (LFA-1) expression 282,283. miR-155 also 

downregulates the chemokine receptor CCR2, reducing the migration of the 

monocytes already present in the synovium. Finally, miR-155 causes the 

upregulation of multiple pro-inflammatory cytokines, such as TNF, and 

inhibition of anti-inflammatory cytokines, such as IL-10, promoting M1 

polarisation and the inflammatory phenotype 281.  

In order for miR-155 to perform its role in RA pathology a mechanism must 

exist for the miRNAs chronic induction. TLR4 has been shown to be highly 

expressed in synovial tissue of RA patients, with TLR4 deletion and inhibition 
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experiments showing a reduced RA phenotype 284,285. As previously outlined, 

miR-155 can be induced by the TLR4 pathway, which can be activated by not 

only exogenous LPS, but also endogenous ligands. Of these ligands tenascin-C 

(TN-C) has shown itself to be essential for the chronic inflammatory response 

within RA 286–288. This extracellular matrix glycoprotein is shown to be 

upregulated in the synovia, synovial fluid, and cartilage of RA patients, with its 

knockout eliciting a significantly reduced chronic inflammatory phenotype.  

Importantly, TN-C has been found to directly signal downstream of LPS 

activated TLR4, causing upregulation of TNF translation via post-

transcriptional induction of miR-155 expression in bone marrow-derived 

macrophages 289. This induction appears to be miR-155 specific, not affecting 

other LPS-responsive miRNAs. Through this mechanism, TN-C plays a central 

role to the early inflammatory response, with its genetic ablation eliciting 

decreased TNF synthesis and a resultant reduction in pro-inflammatory 

mediators’ synthesis in vivo, in a model of LPS-induced sepsis, and in vitro, in 

LPS-activated bone marrow-derived macrophages. This presents the central 

question of this thesis, in identifying by what mechanism TN-C induces post-

transcriptional upregulation of miR-155.  

1.4.0 – Tenascin-C 

Tenascin-C (TN-C) is a glycoprotein component of the extracellular matrix 

(ECM), a dynamic cell surface lattice-work responsible for the maintenance of 

tissue morphology and architecture, as well as the regulation of cellular 

survival and behaviour in response to environmental stimuli. The ECM consists 
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of a diverse range of proteins, glycoproteins, proteoglycans and 

polysaccharides, the varying expression levels and interactions of which give 

rise to the structural, biochemical, and functional diversity of the ECM and the 

tissue it supports 290,291. 

The TN-C glycoprotein consists of six subunits arranged in a hexabrachion 

structure with the heptad repeats within each subunits N-terminal tenascin 

assembly (TA) domain interfacing to form the centre of the structure (Figure 

1.4.1) 292,293. Each subunit arm contains 14.5 epidermal growth factor-like 

(EGFL) repeats followed by up to 17 conserved and alternatively spliced 

fibronectin-type III (FNIII) domains and a C-terminal fibrinogen globe (Figure 

1.4.1). This provides TN-C with a highly multivalent structure, with each 

subunit arm being able to interact with separate environmental, ECM and 

cellular factors or receptors, as well multiple subunits being able to reinforce 

interactions with the same target. Additionally, through alternative splicing of 

the FNIII domains, TN-C isoforms can be produced with varied functionalities 

294. For example, the smallest TN-C isoform, lacking any optional FNIII 

domains, promotes cell attachment and focal adhesion formation via strong 

binding to fibronectin 295. Meanwhile, larger, less spliced, isoforms have been 

shown to drive cell migration and inhibit focal adhesion, possibly via a 

reduction in fibronectin binding affinity 296. 
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Figure 1.1.1. Protein Topology of Tenascin-C (TN-C). A) Subunit topology of mouse and 

human TN-C. Depicted are the N-terminal Tenascin Assembly (TA) domain, containing four 

heptad repeats, the epidermal growth factor-like (EGFL) repeats, the conserved (blue) and 

alternately-spliced (red) fibronectin-III (FNIII) domains and the C-terminal fibrinogen globe 

(FBG) domain. B) The TN-C hexabrachion complex topology. Adapted from 293. 

TN-C is generally considered a modulator of cell adhesion, migration, 

spreading and proliferation, depending on environmental and intracellular 

cues 297. This is achieved via interactions with numerous ECM binding 

partners, including collagen, fibronectin and proteoglycans, as well as cell 

surface proteins such as syndecan-4, receptors such as TLR4, epidermal 

growth factor receptor (EGFR) and integrins, and signal molecules such as 

those of the TGF-β superfamily. Importantly, expression of TN-C is greatly 

restricted in adult tissue, being limited to areas of high tensile strain, such as 

tendons and ligament,  and locations of obligatory cell turnover, plasticity, 

and remodelling such as stem cell niches, lymph nodes and the spleen 294. 

Outside of these locations TN-C induction is rapid and transient, acting as a 

hallmark of inflammatory or regenerative activity, while prolonged TN-C 

upregulation is indicative of cancerous or chronically inflamed tissue 298–300.  
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1.4.1 – Tenascin-C in Inflammation 

Cellular stress and tissue damage can give rise to a “sterile” immune response, 

so named due to the activation of PRRs in the absence of exogenous PAMPs, 

the purpose of which being to clear destroyed cell contents and to restore 

tissue integrity via immune cell localisation and regenerative mediator release 

301. This requires the activation of PRRs via endogenous ligands such as TN-C 

whose expression is induced upon tissue injury and infection. TN-C can bind to 

three surface receptors to elicit a pro-inflammatory response, TLR4 and the 

integrins α9β1 and αVβ3, all of which have been shown to act primarily via 

the NF-kB activation pathway 301. This is of importance as TN-C is a 

transcriptional target of NF-kB, leading to its upregulation in inflamed tissue 

and creating a positive feedback loop, with newly synthesised TN-C furthering 

the endogenous sterile response within the tissue 301. 

Interestingly, activation of TLR4 by TN-C and LPS  show distinct, though 

overlapping downstream effects. Both lead to the upregulation of NF-kB and 

MAPK pathway activation, however while the LPS response yields an 

aggressive anti-infectious phenotype, TN-C based induction of TLR4  also leads 

to increased expression of ECM proteins, facilitating tissue repair and 

regeneration 302. TN-C has been shown to activate TLR4 in immune cells such 

as macrophages, neutrophils and dendritic cells as well as non-immune cell 

types such as chondrocytes and fibroblasts, illustrating the tissue wide need 

for this strong sterile immunity mediator 32,303–305.  
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As well as playing a role in sterile immunity, TN-C has also been shown to be 

intrinsic to the TLR4-mediated response to pathogenic infection 289. LPS 

induction of murine macrophages shows rapid upregulation of cell surface TN-

C, with TN-C itself being responsible for upregulation of the central pro-

inflammatory cytokine TNF via post-transcriptional regulation of miR-155, as 

shown by TNC knockout models. Importantly, this effect of TN-C on TNF is not 

coupled to the action of TN-C as a TLR4 ligand, as its effects are translational 

as opposed to the TLR4 pathways transcriptional effects. This outlines a dual 

role for TN-C, as a driver of both sterile and pathogenic infection. The 

posttranscriptional response of TN-C to LPS leads to an immediate induction 

of pro-inflammatory mediators, faster than that of the TLR4 pathway, priming 

the inflammatory microenvironment against the pathogenic threat. 

Meanwhile, the sterile response to tissue injury promotes tissue repair and 

further induction of TN-C, the dysregulation of which can result in chronic 

inflammatory disorders such as RA and atherosclerosis. 

1.4.2 – Tenascin-C in Cancer  

TN-C is thought to aid in the formation of a pro-tumorigenic and metastatic 

microenvironment, promoting cancer cell dissemination, circulatory survival, 

proliferation and invasion in various tumours, including those of the lymph 

nodes, lung, and liver, leading to it being noted as a predicter of poor 

prognosis 306–308. One mechanism by which this is thought to occur is via TN-C 

acting to downregulate the Wnt suppressor Dickkopf1 (DKK1), stabilising beta-
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catenin and promoting Wnt’s pro-metastatic and pro-angiogenic target genes 

309,310.  

In 2017 it was discovered in an osteosarcoma cell line that TN-C promoted 

inhibition of yes-associated protein (YAP), an oncogenic factor associated with 

the suppression of apoptosis and the promotion of cell proliferation which lies 

at the centre of numerous cancers 311. TN-C was shown to impair the 

formation of actin stress fibres, through activation of integrin α9β1, a process 

which occurs in addition to TN-C acting as a competitive inhibitor for the 

stress fibre promoting interaction of fibronectin and syndecan-4/integrin 

α5β1. Reduction in actin stress fibre formation leads to an increase in YAP 

phosphorylation and results in the transcriptional co-factors cytoplasmic 

localisation, away from its nuclear targets. This finding has far-reaching 

implications for TN-C, with a similar interaction in immune cells having the 

potential to bridge the mechanistic gap between TN-C and miR-155 post-

transcriptional upregulation, opening potential new avenues for therapeutics.  

1.5.0 – Integrins 

1.5.1 – Overview 

Since the identification of the integrin receptor family in 1987 by Hynes et al., 

these receptors have been found to be key facilitators of cell-ECM and cell-cell 

interactivity and adhesion, in part due to their intracellular signalling capacity 

via the actin cytoskeleton 312. Integrins play key roles in critical biological 

functions such as the immune response, development, leukocyte trafficking, 

haemostasis and cancer as well as multiple diseases 313–317.  
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There are 24 distinct integrins in humans, each forming  a heterodimer 

containing one of eighteen α and one of eight β integrin subunits (Figure 

1.5.1) 313. Each subunit is a type 1 transmembrane protein consisting of a 

short cytoplasmic tail, a single-pass transmembrane region and a large 

multidomain extracellular region. Each combination of subunits gives rise to 

an integrin receptor with unique ligand and signal specificity, leading to the 

grouping of integrin receptors into RGD, collagen, laminin and leukocyte-

specific receptor subgroups based upon their primary ligands (Figure 1.5.1) 

318.  

 

Figure 1.5.1. Summary of integrin subunits and their specificity of their complexes. Adapted 

from Steiger et al., 2021319 
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The activation and downstream signalling of integrins is a multi-step bi-

directional process with the receptor facilitating both intracellular and 

extracellular signals and outputs that are in turn regulated by cues from both 

environments (Figure 1.5.2) 313. Often membrane integrins are expressed in an 

inactive state, with their activation controlled by intracellular cues (Figure 

1.5.2.a). Through binding to the cytoplasmic tail region of integrins, 

intracellular adaptors such as talin and kindlin instigate conformational 

changes within the extracellular ligand binding domains, enhancing ligand 

binding affinity and activating inactive receptors (Figure 1.5.2.b) 311,320,321. 

Binding to the extracellular ligand then leads to the integrins connecting to 

the actin cytoskeleton, the mechanical forces of which in turn promote 

integrin activation and clustering to form what is known as the focal adhesion 

complex (Figure 1.5.2.c) 322,323. The formation of the focal adhesion complex 

promotes the association of additional intracellular binding partners and 

intracellular signal transduction 324,325. Following signal completion, integrin 

receptors can be returned to an inactive state, this occurring through the 

destabilisation or inhibition of integrin-activating protein association 326. 

Additionally, active integrins may be removed from the plasma membrane via 

endocytosis, with these integrins being recycled back to the plasma 

membrane at a later time in response to regulatory cues. 
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Figure 1.5.2. Summary of integrin membrane activation and clustering. Adapted from 

Chastney et al., 2021327. 

1.5.2 – Integrins and TN-C 

The large multi-domain hexameric structure of TN-C facilitates its interaction 

with a number of ECM components. This includes integrin receptors, with TN-

C having the capacity to act as a direct integrin ligand or to modify other 

ligand-integrin interactions through binding to either participant.  

TN-C acts as a direct ligand for the epithelial specific integrin αvβ6 via 

predicted binding to the TN-C FNIII3 domain with binding associated with 

epithelial to mesenchymal (EMT) transition and potential poor cancer 

prognosis 328–330. A similar phenotype is seen as a result of TN-C binding to 
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αvβ1, although the binding site is yet to be established 331. Exposure of MCF-7 

cells to TN-C and TGF-β upregulates both mRNA and protein expression of 

αvβ6, with only mRNA level rising with TGF-β treatment alone, thus marking 

TN-C as a potential stabiliser of the αvβ6 protein 331. Integrin α9β1 and TN-C 

have been found to co-localise within colorectal and gastric cancers with 

binding of TN-C facilitated via a non-RGD binding sequence within the 

glycoproteins FNIII3 repeat 332. Increased levels of both αvβ6 and α9β1 was 

also accompanied by increased TN-C staining within the epithelial cells of the 

oral mucosa undergoing wound repair 333. 

Integrin αvβ3 binds to TN-C at two locations within the FNIII3 RGD sequence 

as well as at the C-terminal FBG 334–336. Plating of cells on TN-C-coated 

substrates shows enhanced proliferation and migration of smooth muscle 

cells, this being attributed to enhanced αvβ3 and PDGF receptor-β crosstalk 

within focal adhesion complexes 337. In human endothelial cells, both αvβ3 

and α2β1 have been found to facilitate cell attachment and spreading on TN-

C-coated plates, with both integrins identified as receptors via 

immunoprecipitation experiments 338. However, no such binding is found to 

occur within a TN-C adhesion assay performed within osteosarcoma MG63 

cells, while αv, β1, and β6, but not α2 subunits could be detected within a TN-

C binding assay performed upon MCF-7 lysates 331. This illustrates the cell-

type and condition specific nature of TN-C integrin binding. 

Outside of direct action as an integrin ligand, TN-C has been found to 

modulate the co-receptor activity of syndecan-4, which itself facilitates 
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fibronectins activation of integrin α5β1 signalling 339. TN-C performs this 

function through either binding to the FNIII13 domain of fibronectin, blocking 

syndecan-4 association, or via direct binding to the syndecan-4 heparin 

sulphate side chains, thus preventing syndecan-4 by performing its co-

receptor function 339,340. Through this modulation of integrin α5β1 TN-C has 

been shown to impairing stress fibre formation within a murine xenograph 

model of osteosarcoma, this function also being facilitated via TN-Cs 

activation of integrin α9β1 311. This illustrates one of the primary intracellular 

effector functions of integrins in modulating the actin cytoskeleton. 

1.6.0 – The Actin Cytoskeleton 

1.6.1 – General 

The actin cytoskeleton is comprised of polymeric actin filaments (F-actin) 

which dynamically assemble from cytoplasmic monomeric actin protein (G-

actin) in a process regulated by a number of actin binding proteins 341–343. 10-

30 actin filaments may form together into stress fibres, the F-actin being 

cross-linked together primarily via the action of the protein α-actinin and 

interspersed with non-muscle myosin and tropomyosin structures 344–347. 

Stress fibres play critical roles in maintaining cellular shape, substrate tension 

and cellular motility 348.  

In brief, F-actin constitutes a polar structure, with a barbed end (+) and a 

pointed end (-) (Figure 1.6.1) 343. G-actin binds preferentially to the +-end due 

to the action of actin assembly factors such as profilin and the actin-related 

protein 2/3 complex (Arp2/3), while G-actin is actively removed from the – 
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end to be used in +-end elongation 349. Depending on the regulation of actin 

assembly factors, F-actin may form a number of differing structures, the most 

characterised of them being the linear unbranched actin filaments induced by 

formins or Ena/VASP proteins and the branched filament structure induced by 

Arp2/3 incurring the formation of ‘daughter filaments’ splitting off from the 

main F-actin structure 350,351. 

 

Figure 1.6.1. Schematic of the polar polymerisation of globular (G-) actin into filamentous 

(F-) actin. Elongation of the F-actin filament occurs at the barbed (+) end, while G-actin is 

actively removed from the pointed end (-), this facilitating the dynamic assembly and 

disassembly of the actin cytoskeleton. 

The actin cytoskeletal structure aids in maintaining cell shape, driving cell 

movement and facilitating cellular mechanosensing 341. Through the precise 

and coordinated control of actin filament assembly and disassembly, cellular 

contents may be manipulated through processes such as vesicle trafficking, 

endocytosis, exocytosis and organelle movement, while also facilitating wider 

processes such as cell-cell signalling and gene transcription 352. 

1.6.2 – Actin Cytoskeleton and the macrophage 

As characteristically motile cells, a number of key macrophage functions are 

facilitated through the dynamic regulation of the actin cytoskeleton, including 
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chemotaxis, phagocytosis and antigen presentation 353–355. Moreover, the 

intrinsic links between the actin cytoskeleton and inflammatory induction and 

regulation continue to emerge. 

Recently, Ronzier et al., identified through a combination of gene knockout 

and microscopy experiments that the macrophage cytoskeleton undergoes 

distinct architectural changes in resting, acute and sustained inflammatory 

states 356. BMDMs stimulated with LPS and IFNγ for 20 minutes were 

characterised by a tight association of myosin IIA and F-actin within the 

perinuclear space, leading to a contractile phenotype. Meanwhile, prolonged 

stimulation for 24h showed a loss of this association, with F-actin more 

uniformly distributed around the cell, creating a spreading phenotype. This 

temporal regulation of inflammatory macrophage morphology was found to 

be elicited by myosin-II induced contractility via tight stress fibre formation 

giving way to the Arp2/3 dependent spreading of actin filaments. 

Furthermore, the actin cytoskeleton was found to directly regulate 

macrophage inflammatory activity. Inhibition of Myosin II was found to 

suppress the pro-inflammatory mediator iNOS, impeding inflammatory 

induction, while Arp2/3 disruption elevated iNOS levels leading to an opposed 

inflammatory impact 356. As iNOS is an actin binding protein closely regulated 

by the proteasome, it is speculated that binding to myosin-II filaments may 

delay proteolytic turnover and thus leading to enhanced iNOS activity 356–358. 

Arp2/3 has also been found to negatively regulate NF-kB and MAPK 

inflammatory activation within macrophages and fibroblasts 356,359. This 
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highlights the critical interplay between the actin cytoskeleton and 

macrophage inflammatory induction, with additional interplay being revealed 

as the role of the cytoskeleton-modulated protein YAP as an inflammatory 

regulator emerges.  

1.7.0 – Yes-Associated Protein (YAP) 

YAP1, and its genetic paralogue; WW-domain-containing transcription 

regulator 1 (WWP1/TAZ), are transcriptional co-factors, the primary function 

of which being to regulate activity of transcriptional enhancer factor domain 

(TEAD) family transcription factors 360. The YAP1 gene is located at 9qA1 

within the mouse genome, with this giving rise to the 488 amino acid primary 

isoform YAP1-201 (ensemble ID), with a theoretical molecular mass of 52.38 

kDa (UniProtKB-P46938). In addition is YAP1-202, the most well validated 

isoform which lacks amino acids 313-328, potentially eliciting changes in 

interaction with targets 361. Due to the 46% amino acid homology of YAP1 and 

TAZ as well as their similar activity and the two being regulated by similar 

mechanisms, they are often functionally grouped (Figure 1.7.1) 362. 
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Figure 1.7.1. Schematic of YAP1/TAZ regulatory domains. Including; the coiled-coil (CC) 

domains, WW domain, the transcriptional enhancer factor domain (TEAD) binding domain, 

the transcriptional activator domain (TAD), the PDZ-binding motif and the YAP specific SH3-

binding domain, second WW domain and proline rich region. Also indicated are the 

phosphorylation sites which induce degradation or 14-3-3 binding protein 363. 

Both YAP and TAZ are the primary effectors of the Hippo pathway, a 

serine/threonine kinase signalling cascade, first identified in Drosophila, which 

is responsible for the regulation of organogenesis, cell proliferation, survival, 

differentiation, and tissue homeostasis through monitoring extracellular cues 

(Figure 1.7.2) 364,365. The Hippo pathway begins with the activation of 

mammalian ste-20-like kinase 1/2 (MST1/2) with this kinase, alongside its 

scaffold proteins, protein salvadore homolog 1 (SAV1) and mob kinase 

activator 1 A/B (MOB1A/B), phosphorylating the hydrophobic residues of the 

large tumour suppressor 1/2 (LATS1/2) 366,367. LATS1/2 then undergoes 

autophosphorylation, resulting in the proteins activation and phosphorylation 

of YAP/TAZ 368.  
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Importantly LATS1/2 phosphorylation has been found to be inhibited by actin 

cytoskeletal polymerisation (Figure 1.7.2)369. This has been shown in contexts 

of actin assembly as a result of G-protein coupled receptor (GPCR) or integrin 

receptor activity giving rise to actin polymerisation through activating Rho 

GTPases 311,369. Inhibition of actin cytoskeletal assembly through treatment 

with cytochalasin D or latrunculin B in turn induces phosphorylation of YAP, 

an effect that is reversed in cells featuring LATS1/2 knockout or a mutated 

YAP phosphorylation site 370,371. This may be attributed to the action of 

protein kinase As (PKAs) downstream of the actin cytoskeleton, which activate 

LATS1/2 via phosphorylation and elicit resultant YAP phosphorylation 372. 

Additionally, LATS1/2 has also been found to directly bind actin filaments and 

inhibit polymerisation in a N-terminal dependent manner, this binding 

perhaps also acting as a means for F-actin assembly to inhibit LATS1/2 373. 

Thus LATS1/2 and F-actin may form a dynamic system, whereby F-actin 

assembly, based upon extracellular cues, inhibits LATS1/2 and subsequent 

downstream hippo pathway activity only when there is not a sufficient 

abundance of LATS1/2 to block filament assembly. 

Phosphorylation of YAP at residues S127/S89 facilitates binding of 14-3-3 

proteins to YAP/TAZ, resulting in YAPs cytoplasmic sequestration and inability 

to perform their effector functions (Figure 1.7.2) 374–376. Alternately, 

phosphorylation by LATS1/2 at S381/S311 promotes further phosphorylation 

by casein kinase 1δ/ɛ, allowing YAP/TAZ ubiquitination and degradation via 

Skp, Cullin, F-box containing (SCF) E3 ubiquitin ligase recruitment 372,377. Thus, 

suppression of the Hippo-pathway occurs during conditions such as tissue 
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injury, whereby YAP/TAZ nuclear localisation is unimpeded, and the resultant 

transcription factor activity gives rise to wound healing via increased cell 

proliferation and migration 378,379. However, YAP/TAZ have also been 

identified as hyper-activated in multiple human cancers, such as breast, 

prostate, ovarian and endometrial cancers as well as osteosarcoma, 

meningioma and acute myeloid leukaemia, leading to increased tumour cell 

survival, proliferation and epithelial to mesenchymal transition 380–386. This 

highlights the critical role of YAP/TAZ in our understanding of human 

malignancies, with more recent studies beginning to also uncover the proteins 

role in the innate immune response to infection 387. 

 

 

Figure 1.7.2. Schematic of the mammalian Hippo pathway and its cross-talk with other 

signalling pathways. The multiple stimuli which elicit suppression of YAP/TAZ via the MST1/2-

LATS1/2 mediated signalling cascade and this pathways regulators (left). Additionally, the 
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other signalling pathways which have been found to crosstalk with the Hippo pathway 

(right)388.  

1.7.1 – YAP and Inflammation 

Due to a combination of the non-adherent and plastic structural nature of 

primary immune cells the role of YAP in the context of their mechano-

regulation was little studied 389,390. Moreover, the role of YAP in the regulation 

of the innate immune response had been critically overlooked largely due to 

YAPs low abundance within monocyte lineage cells leading to an assumed 

non-functionality 391. However, in recent years a functionality of YAP within 

the primary inflammatory response has emerged, linking mechanical cues and 

inflammatory regulation. 

Although low relative to endothelial and fibroblast cells, the expression of 

YAP1 by monocytes increases upon differentiation into adherent 

macrophages as well as during pro-inflammatory or wound healing responses. 

Examination of YAPs functionality within BMDMs shows YAP knockdown to 

inhibit differentiation of the macrophage cells into osteoclasts 392. Moreover, 

within BMDMs and peritoneal exudate macrophages (PEMs) YAP has been 

found to promote differentiation into M1 macrophages, while loss of YAP 

leads to differentiation in M2 cells 393.  

YAP1 has been identified as an inflammatory mediator, being implicated in 

the regulation of reactive oxygen species generation, the antiviral response 

and TLR4 driven bacterial inflammation 394–398. However, the exact role of 
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YAP1 within the macrophage is mixed, with seemingly contrasting pro and 

anti-inflammatory mechanisms being identified. 

Through inhibition of YAP1 signalling the Hippo-pathway acts as a positive 

regulator of anti-bacterial inflammation in both drosophila and mammals 387. 

Within endothelial cells YAP1 has been shown to downregulate the activation 

of the core inflammatory transcription factor NF-kB via promoting the 

degradation of TRAF6, a signalling molecule of the LPS induced TLR4 response 

396. Additionally, YAP1 overexpression in a murine osteoarthritis model 

attenuated NF-kB signalling via disruption of TAK1, IKKα and IKKβ interaction, 

leading to alleviation of osteoarthritic symptoms 397.  

However, recent studies conflict with this evidence, showing that YAP1 may 

show a different functionality in the macrophage. Investigation into the effect 

of YAP1 on macrophage polarisation in inflammatory bowel disease (IBD) and 

myocardial infarction show that YAP1 knockdown instead enhances pro-

inflammatory genes such as IL-6 in a non-NF-kB-dependent manner 393,399. 

Additionally, YAP1 has been found in macrophages to bind the NF-kB subunit 

p65 and aid NF-kB nuclear translocation, with inhibition of this interaction via 

lactate treatment reducing pro-inflammatory cytokine production 400. 

Consistent with these findings, knockdown of YAP in monocyte-derived 

macrophages has been shown to impair TNF-α secretion in response to LPS 

treatment, as well as suppressing LPS induced systemic inflammation in 

myeloid cells and proinflammatory cytokine production in LPS treated Kupffer 

cells 401–403. Finally, contrary to discoveries in endothelial cells, macrophage 
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TRAF6 was found to bind to and increase YAP1 nuclear localisation, promoting 

the development of atherosclerosis 404.   

A link between the role of YAP in mechano-transduction and the inflammatory 

response have also been identified. Culturing of cells on stiff substrates, such 

as the commonly  used tissue culture plastic, leads to nuclear YAP localisation, 

with the inflammatory cytokines IL-1β and LPS enhancing this effect 401. Cell 

culture on stiff substrates is linked to increased production of pro-

inflammatory mediators such as IL-1β, IL-6, TNF-α and TLR4, with these 

factors in turn promoting YAP nuclear localisation which furthers pro-

inflammatory signalling 401,405.  

Upstream MST1 and LATS1 also display a role in inflammation, as 

inflammatory cytokines such as TNF and IL-1β have been shown to lead to 

their activation, potentially via MAP4K signalling, resulting in reduction of 

active YAP and attenuation of its anti-inflammatory role once pro-

inflammatory cytokine expression is established 397. 

1.7.2 – YAP and miRNA regulation  

Increased cell confluency has been associated with enhanced miRNA 

expression in a diverse range of cell lines, including primary fibroblasts, HeLa, 

MCF7 and HEK293 cells among others, although not in lymphoma or 

leukaemia cell lines 406. This change in miRNA levels was attributed to the 

increased abundance of cell-cell contacts, with miRNA expression not found 

to correlate with enhanced cell proliferation or quiescence, these being two 

other outcomes of increased confluency. Hwang et al., identified enhanced 
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Drosha processing as the primary cause of increased miRNA expression, with 

high confluency also shown to enhance the efficiency of RISC formation 406.  

Later Mori et al., also found increased cell confluency to enhance miRNA 

expression, this time on a global basis but with examination limited to 

immortalised human keratinocytes (HaCaT). This change being also attributed 

to enhanced microprocessor activity 92. Regulation of the microprocessor by 

cell confluency was directly attributed to YAP, the nuclear localisation of 

which in low confluency cells lead to it binding and sequestering the 

microprocessor co-factor p72 (DDX17). The binding of p72 by YAP, confirmed 

by co-immunoprecipitation and gel-filtration, prevents p72’s association with 

the microprocessor, leading to reduced pri-miRNA processing. Increased cell 

confluency or constitutively phosphorylated YAP, which both lead to YAPs 

cytoplasmic sequestration, as well as YAP knockdown or YAP-p72 binding site 

mutation, all lead to enhanced miRNA expression. 

YAPs role as a transcriptional co-factor has been associated with reducing 

miRNA expression within colorectal cancer through promoting transcription of 

RAN binding protein 1 (RANBP1) 407. RANBP1 expression is associated with 

reduced nuclear export of miR-18a, miR-183 and miR-106b pre-miRNA via 

reduction of exportin-5 abundance. In addition, RANBP1 promotes the 

expression of YAP which itself promoted RANBP1 expression alongside TEAD, 

creating a positive feedback loop which hampers miRNA export.  

However, the role of YAP as a negative regulator of global miRNA levels is 

disputed. Chaulk et al., quantified miRNA levels in the human mammary 
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epithelial cell line MCF10A at low and high confluency, noting increased pre-

miRNA but reduced mature miRNA levels in higher confluency cell 408. YAP 

knockdown in low confluency cells was found to mirror the high confluency 

pre/mature miRNA ratios. Notably, let-7a and let-7b did not conform to this 

regulatory effect, instead showing increased mature miRNA levels in high 

confluency and YAP knockdown cells. Overall, this effect of YAP was 

contributed to increase levels of the negative let-7 biogenesis regulator 

LIN28B as a result of a post-transcriptional mechanism reliant on the nuclear 

localisation of YAP 408. This coupled with the function of let-7a and let-7b as 

negative regulators of Dicer mRNA translation, leading to reduced pre-miRNA 

processing in high confluency cells where as a result of YAPs cytoplasmic 

localisation LIN28B levels are lowered and let-7a/b levels are enhanced 408.  

Furthermore, YAP has also been found to directly upregulate miRNA 

transcription, promoting the expression of the gene MCM7 and its contained 

miRNA cluster of miR-25, miR-93 and miR-106b, all oncogenic miRNAs which 

inhibit p21 expression 409.  

Interestingly, examination of miRNA expression in YAP1 depleted 

chondrosarcoma fibroblast-like (SW1353) cells identified a sizeable proportion 

of both up and downregulated miRNAs 410. This illustrates the complexity of 

YAPs miRNA regulation functionality which is, similar as in its inflammatory 

function, likely heavily modified by the mechanical context of the cell such as 

cell confluency and the cells tissue origin.  
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1.7.3 – YAP and Tenascin-C 

As outlined previously (section 1.6.0) TN-C is a key structural and functional 

element of the ECM which through moderating or directly binding to cell 

surface receptors may influence internal cellular properties such as the actin 

cytoskeletal structure. As such, TN-C and YAP are linked in a number of 

cellular systems as a sensor of and responder to extracellular cues.  

The culturing of cells upon TN-C-coated plates or TN-C-supplemented cell-

derived matrices has been associated within osteosarcoma, chondrogenic 

teratocarcinoma and endothelial cells with enhanced YAP phosphorylation, 

increased cytoplasmic localisation and reduced YAP transcriptional activity 

311,411,412. This outcome has also been observed within prostate cancer 

epithelial cells treated with exogenous TN-C 413. This inactivation of YAP is 

attributed to TN-C mediated disruption of the actin cytoskeleton, being 

reversed via treatment with the stress fibre promoting factor lysophosphatidic 

acid (LPA) 311,412. Furthermore, Lee et al., and Sun et al., both directly attribute 

the regulation of the actin cytoskeleton by TN-C to integrin-based signalling, 

with Sun et al., finding TN-C to trigger negative cytoskeletal regulation via 

integrin α9β1 association, while Lee et al., found blockage of integrin α5β1 to 

alleviate the impact of exogenous TN-C treatment on YAP 311,413. Within these 

cases the regulation of YAP by TN-C is attributed to increased cell migration, 

metastatic progression and reduced patient survival, highlighting the clinical 

importance of YAPs regulation by TN-C 311,411–413.  
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However, evidence also exists indicating that TN-C may act to promote YAP 

activity. TNC knockout and TNC overexpressing Ewing sarcoma cells (A673) 

show decreased and enhanced YAP nuclear localisation, respectively 414. 

Contrary to findings in prostate cancer cells made by Lee et al., anti α5 

antibody treated A673 cells show increased rather than decreased YAP 

inactivating phosphorylation 413,414. Rather than negatively regulating YAP via 

disruption of the actin cytoskeletal, TN-C binding to integrin α5β1 is proposed 

to promote YAP activity through activation of the Src pathway, with enhanced 

Src phosphorylation in TN-C overexpressing cells and the Src inhibitor 

saracatinib inhibiting YAP nuclear localisation 414. Additionally, increased 

expression and subsequent secretion of TN-C by pancreatic cancer cells is 

associated with an increase in TN-C-mediated inhibition of the wnt signalling 

inhibitor dickkopf-1 (DKK1) through disruption of the actin cytoskeleton 310,415. 

The inactivation of which is thought to enhance YAP activity via the wnt 

pathway triggering YAPs removal from the β-catenin destruction complex and 

subsequent nuclear localisation 415,416.  

Finally, in addition to TN-C regulating YAP activation, YAP itself is proven to 

function as a co-factor for TNC mRNA transcription. Within gastric cancer cells 

YAP was found to promote the expression of TN-C at both a protein and 

mRNA level, with YAP overexpression also found to activate the luciferase 

activity of a TNC promoter-luciferase construct 417. Knockdown of YAP within a 

tenogenic cell line abolished the TN-C induction characteristic of tenogenic 

differentiation, this intriguingly not conforming to YAP knockdown 

experiments in superficial zone chondrocytes which show YAP knockdown to 
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not influence TNC expression 418,419. Meanwhile, YAP deficient embryonic 

kidney (HEK293) cells also show reduced TNC expression, with this attributed 

to binding of YAP/TAZ/TEAD4 to a TNC enhancer site shown via chromatin-

immunoprecipitation followed by next-generation sequencing (ChIP-seq) 420. 

Overall, this evidence indicates that TNC is transcriptionally controlled by YAP, 

thus creating opportunities for homeostatic feedback loops between these 

two proteins as the regulation of YAP by TN-C in turn leads modification of 

TNC expression.  

1.8.0 – The p38α/MK2 Pathway 

1.8.1 – p38α 

With its discovery in 1993 p38 was placed into the mitogen-activated protein 

kinase (MAPK) family, with later findings separating the p38 group into its four 

protein constituents, these being p38α (MAPK14), p38β (MAPK11), p38γ 

(MAPK12) and p38δ (MAPK13) 421–424. The expression of these proteins is 

ubiquitous across the majority of mammalian tissues with the exception of 

p38γ, with enhanced expression in skeletal muscles, and p38δ upregulated in 

endocrinologically active organs as well as lung, kidneys and the gut 425.   

P38 proteins are unified in the presence of a conserved dual phosphorylation 

motif Thr-Gly-Tyr (TGY) within their kinase activation loop. Phosphorylation of 

both Thr and Tyr residues is necessary for full kinase activation of p38 proteins 

with the notable exception of p38α, the mono-phosphorylation of which at 

Thr180 leading to a degree of kinase activity albeit with modified targeting 
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specificity 426,427. Overall, p38α and p38β share ~70% amino acid sequence 

homology, while p38α and p38γ/δ share ~60%.  

P38α activation is pivotal to the cellular response to a variety of stress stimuli 

including UV light, osmotic pressure, heat shock and glucose starvation as well 

as inflammatory signals such as LPS, cytokines and T cell receptor activation 

428–435. P38α knockout mice are embryonic lethal with a similar phenotype 

witnessed in knockout mice for MKK3 and MKK6, upstream mediators of P38α 

436,437. On the other-hand, knockout of other p38 MAPKs are viable, leading to 

them being considered as secondary actors compared to p38α and as a result 

being less intensely studied 438,439.  

The MAP2Ks MKK3 and MKK6 are the key upstream kinases responsible for 

the phosphorylation and subsequent activation of p38α with MKK4 also 

having the potential to phosphorylate p38α to a reduced extent 424,440. 

Upstream of the MAP2Ks are MAP3Ks such as TAK1 (MAP3K7), ASK1 

(MAP3K5), DLK (MAP3K12) and MEKK4 (MAP3K4), which have been found to 

induce MKK6/MKK3 activation and subsequent phosphorylation of p38α 441–

443. Intriguingly Rho family GTP-binding proteins may also mediate p38α via 

binding to upstream activators of MAP3Ks such as MEK1 (MAP2K1) and MLK1, 

this providing a means whereby integrin binding and other mechanical cues 

may mediate p38α activation 444,445.  

p38α may also be activated via pathways outside of the traditional MAP-

kinase cascade. One example of which is through TAK1-binding protein 1 

(TAB1) which directly binds to and promotes autophosphorylation of both 
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Thr180 and Tyr182 residues leading to full activation of p38α 446. Alternately, 

ZAP70 can bind and phosphorylate p38α at Tyr323, leading to 

autophosphorylation of p38α at Thr180 and allowing partial activation to 

occur 447.  

In turn, p38α may be inactivated through de-phosphorylation of its key 

activation loop residues primarily via the action of MAPK phosphatases 

(MKPs) and dual specificity phosphatases (DUSPs) 448. MKP1/DUSP1, 

MKP5/DUSP10. MKP8/DUSP26, DUSP8 and DUSP12 are all known to act as 

inhibitory phosphatases of p38α 449. Notably, p38α activity leads to 

upregulation of MKP1, presenting as example of p38α self-regulation via a 

negative feedback loop 450.  

Upon activation, p38α localised to the nucleus due to a conformational 

change which exposes a binding site for nuclear chaperones 451. This facilitates 

its subsequent interaction and regulation of a number of downstream 

proteins in a cell type and stimulus dependent manner. These targets include 

transcription factors, MAPK pathway regulators, structural proteins, RNA 

binding proteins and downstream MAPKAPK proteins such as MK2, which 

themselves regulate a number of downstream targets 452. Binding of p38α 

may positively or negatively affect target activity  depending on the 

phosphorylation site location. Through this web of pathways p38α is involved 

in a diverse range of biological functions such as embryonic development, 

differentiation, cell cycle regulation and inflammation 453–456. 
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1.8.2 – MAPKAPK2 (MK2) 

As its name suggests, the MAPK activated protein kinase 2 (MAPKAPK2, 

simplified to MK2 hereafter) is a member of a conserved family of MAPKAPKs, 

downstream effectors of the various MAPK kinase pathways. This family 

consists of MK2/3, MK5 (PRAK), MAPK-interacting kinase (MNKs) 1/2, 

mitogen- and stress-activated kinase (MSKs) 1/2, and p90 ribosomal kinase 

(RSKs) subfamilies 457. MK2 and MK3 are ubiquitously expressed throughout 

mammalian tissue, both being activated solely via phosphorylation by p38α/β 

in response to stress and inflammatory stimuli outlined previously (section 

1.8.1) 457.  

These MKs consist of a core catalytic domain as well as a c-terminal region 

harbouring both a nuclear localisation (NLS) and nuclear export signal (NES) 

(Figure 1.8.1a) 458. Notably, two isoforms of MK2 are commonly detected with 

a ~10 kDa difference, 53 kDa and 60 kDa, respectively 459. This is due to the 

presence of an in frame  alternative translation initiation start site CUG within 

the prolonged 5’ UTR of MK2 mRNA, leading to an extended N-terminus 460. 

The shorter MK2 isoform shows greater functional activity, with the longer 

isoform failing to phosphorylate the small heatshock protein Hsp27.  

Inactive MK2 resides within the nucleus, with nuclear imported p38α binding 

to the MK2 linear motif, a c-terminal region containing a docking motif and a 

reverse docking motif which bind to the common docking site of p38α (Figure 

1.8.1b) 461. This binding has been shown to occur with both proteins in a non-

phosphorylated state, with binding leading to rapid translocation of the p38α-
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MK2 complex into the cytoplasm as p38α binding masks the NLS of MK2 

462,463. Upon phosphorylation of p38α the complex undergoes a 

conformational shift, moving the distant p38α catalytic site and MK2 

substrate residues into a close vicinity 464. This in turn facilitates the 

phosphorylation of MK2 residues by p38α including two kinase domain 

residue T222 and S272 and the hinge domain residue T334, all of which are 

required for maximal activity 465. Phosphorylation of T334 elicits a  

conformational change within MK2, revealing the NES which, through 

Exportin-1-dependent shuttling further promotes nuclear export of the p38α-

MK2 complex 463,466.  

Within the cytoplasm MK2 may bind and phosphorylate numerous protein 

substrates, regulating biological processes such as the cell cycle, 

inflammation, transcription and tumour formation 467. Notable amongst MK2 

targets are the immediate-early genes such as c-MYC, c-FOS and TTP, induced 

in response to cellular stress via the action of MK2 in promoting SRF/MRTF-A 

transcription factor activity 468,469. Additionally, MK2 is noted as a regulator of 

mRNA degradation with MK2 knockout mice showing enhanced stability of 

ARE-containing mRNA 470,471. This 3’-UTR element ARE-element, found within 

~10-15% of mRNA, facilitates the binding of specific ARE-associated RBPs, its 

presence often correlating with the reduced mRNA half-life of critical short-

lived signal proteins such as inflammatory cytokines 472,473. Through regulation 

of these RBPs, MK2 may increase or decrease the stability of specific mRNA, 

marking it as a key regulator of mRNA fate determination. 
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Figure 1.8.1. MK2 structure and p38-dependent activation / degradation. a) Schematic 

representation of the long and short isoforms of mouse MK2. Labelled are the catalytic 

domains, the nuclear export signal (NES), the nuclear localisation signal (NLS) and the serine 

(S) and threonine (T) phosphorylation sites. In the case of the long form an addition S site is 

present. b) Schematic representation of p38/MK2 pathway. Upon the nuclear import of p38 

the protein associates with the C-terminus of MK2. Then upon phosphorylation of p38 via an 

upstream stimulus, a conformational shift occurs, facilitating activation of MK2 and release of 

the NES, leading to cytoplasmic localisation via an exportin-1-dependent mechanism. Within 

the cytoplasm MK2 phosphorylates it targets, leading to dissociation of p38 and degradation 

of MK2 via MDM2. Adapted from Ronkina and Gaestel., 2022457. 

Beyond the modulation of the upstream kinase pathway few biological 

systems have been noted which directly regulate MK2 activity. Notedly 
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however, upon MK2 activation and subsequent release from p38α the 

cytoplasmic unbound MK2 becomes available for ubiquitination via the E3 

ligase MDM2, leading to proteasomal degradation 435. Therefore, consistent 

transcriptional expression of MK2 is required to replenish a functional 

population and to facilitate long-term stress-responsive signalling. Thus, long-

term or excessive stress stimuli such as UV light, which elicits persistent p38α 

activation, eventually lead to depletion of the p38α-MK2 complex and cell 

death 435. 

1.8.3 – p38α/MK2 pathway in macrophage inflammation 

The p38α/MK2 pathway is a critical component of the inflammatory cascade, 

responding to and stimulating paracrine and autocrine signals in parallel to 

other inflammatory pathways, together promoting a strong early induction of 

pro-inflammatory mediators. p38α deficient macrophages are characterised 

by desensitisation to LPS treatment, showing resistance to septic shock and 

impaired production of key pro-inflammatory cytokines such as TNF, IL-12 and 

IL-18 454. Similarly, MK2 deficient spleen cells show reduced production of 

TNF, IL-6, IL-10, IFN-y and IL-1β, with MK2 knockout macrophages also 

showing reduced IFNβ and IL-10 levels 474,475. This regulation of the immune 

response occurs at multiple levels, the p38α/MK2 pathways being implicated 

in the regulation of diverse macrophage processes such as protein 

localisation, protein degradation, mRNA stability, endocytosis, apoptosis, cell 

migration and cytoskeletal dynamics.  
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The p38α/MK2 pathway is activated by a diverse range of inflammatory 

stimuli. These include infection associated TLR ligands, such as LPS and 

polyriboiosinic:polyribocytidylic acid (poly(I:C)) which signal via TLR4 and 

TLR3, respectively, as well as cytokines such as TNF-α, IL-1β, IL-18 and IL-33. 

Activation of TLR4 and the interleukin receptors (IL1, IL1RL and IL33) signals 

via MyD88 and IRAK, leading to TRAF6 phosphorylation and subsequent 

activation of the classical MAPK-signalling cascade resulting in p38α/MK2 

pathway activation (section 1.2.2) 476,477. TLR3 ligand binding also stimulates 

the MAPK-signalling cascade via TRAF6, however this is facilitated by MYD88 

and TRIF rather than IRAK 478. Binding of TNF-α to tumour necrosis factor 

receptor 1 and 2 (TNFR1 and TNFR2) activates TNF receptor-associated factor 

2 (TRAF2) which directly phosphorylates MKK3/6 thus activating the 

p38α/MK2 pathway, this phosphorylation also occurring as a result of TNFR 

associated receptor-interacting protein-1 (RIP1) phosphorylating TAK1 which 

in turn targets MKK3/6 479,480.  

p38α deficient macrophages show the complete abolition of LPS induced 

CREB and C/EBPβ transactivation, these transcription factors being 

responsible for enhanced expression of the pro-inflammatory cytokines TNF, 

IL-12 and IL-6 in response to inflammatory cues 454. Notably, p38α deficient 

macrophages show reduced, AP-1 and NF-kB activity. Findings in stress 

responsive murine embryonic fibroblasts (MEFs) show AP-1 family 

transcription factors Jun and Fos to be regulated in a p38α-dependent manner 

481. Additionally, MK3 has been shown to negatively regulate NF-kB signalling 

in the absence of MK2, which functions to inhibit MK3 activity, with dual 
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knockout of MK2 and MK3 leading to a degree of recovery in NF-kB signalling 

475.  

As well as via transcriptional control, the p38α/MK2 pathway may also 

mediate inflammatory progression through regulation of mRNA decay. As 

outlined previously, MK2 is a known regulator of several AU-rich element 

binding RBPs, with these elements being commonly found within the short-

lived mRNAs characteristic of inflammatory cytokines such as TNF, IL-10 and 

IL-8 482–485. In particular, MK2 mediates the activity of the CCCH zinc finger 

protein tristetraprolin (TTP) by inhibiting the recruitment of the deadenylase 

CAF1 as well as by regulating the mRNA and protein levels of TTP 484. This 

regulation results in downregulation of the TTP-mediated decay of TNF-α, 

with lack of TTP linked to stabilisation of TNF-α and a corresponding 

enhancement of the inflammatory response 486,487.  

Additionally, the TTP/MK2 axis is implicated in the process of inflammatory 

resolution. MK2 has been shown to promote the stabilisation of SOCS3 mRNA, 

this protein acting as a major inhibitor of the IL-6 and IL-1β mediated 

activation of STAT3, thus promoting a pro-inflammatory phenotype in the 

early-mid inflammatory response 488. However, the TNF induced expression of 

the anti-inflammatory cytokine IL-10 is also dependent on MK2 activity, with 

MK2 acting to inhibit TTP-mediated decay of IL-10 mRNA 483. Enhanced levels 

of IL-10 in turn lead to activation of STAT3 in a manner that is insensitive to 

SOCS proteins 489. STAT3 promotes anti-inflammatory signals as well as 

positively regulating TTP expression, while IL-10 also enhances expression of 
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the p38α inhibitor DUSP1 490. Thus, during the late phase of macrophage 

inflammation, when IL-10 signalling is high, TTP mediated decay of pro-

inflammatory cytokines is enhanced, aiding the anti-inflammatory molecular 

switch. 

1.8.4 – p38α/MK2 pathway and TN-C 

TN-C has been found within multiple cellular and stimulatory contexts to elicit 

activation of p38α (Figure 1.8.2). In vivo, TN-C administration via injection of 

recombinant TN-C lacking the fibronectin type III-like repeats and FBG domain 

had no impact on p38α phosphorylation within the cerebral artery 24 hours 

after treatment, whereas full-length TN-C significantly increased p-p38α 

abundance 491,492. Furthermore, this increase was abolished by treatment with 

a TLR4 antagonist, implicating the action of TN-C as an endogenous ligand of 

the TLR4 pathway,  which is known to stimulate p38α activation as outlined 

previously (section 1.2.2) 493. A similar induction in p-p38α abundance is seen 

in airway smooth muscle cells after 20 minutes of exposure to soluble TN-C , 

although intriguingly these cells lack TLR4 expression, with activation of p38α 

instead attributed to TN-C binding to β1 and β5 integrin 494. 
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Figure 1.8.2. A schematic diagram of reported mechanisms of p38 stimulation by various 

forms of TN-C. Pathways represented were identified within mouse TNC knockout, cerebral 

artery, airway smooth muscle, MDA-MB-231 and M-CSF-MDM cells 302,491–496. Red arrows 

represent phosphorylation events and red circles represent phosphorylation. Dotted lines 

represent lower potency activation. Extracellular matrix (ECM), fibrinogen globe (FBG), 

tenascin-C (TNC), toll-like receptor 4 (TLR4).  

Notedly, treatment of human M-CSF-MDMs with a recombinant FBG domain 

also stimulated p38α phosphorylation, however this phosphorylation was 

more transient than that witnessed with LPS stimulation, falling after 30 

minutes (Figure 1.8.2) 302. Additionally, mass spectrometry analysis identified 

a phosphorylation event at the Ser127 residue of p38α unique to the FBG 

stimulated protein. The FBG domain contains a known TLR4 binding site, this 

explaining the lack of p38α activation elicited via treatment with recombinant 

TN-C lacking this domain 302. The transiency of p38α activation via FBG not 

seen in other TN-C treatment models may be due to the strict regulatory 
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mechanism within macrophages for controlling TLR4 induced signals, while it 

would be intriguing to see whether mass spectrometry of cells treated with 

full-length TN-C also shows the same unique phosphorylation event within 

p38α.  

In addition to the ability of soluble TN-C to induce p38α activation, similar 

effects have been attributed to ECM-bound TN-C. For instance, TN-C knockout 

mice show reduced p38α activation as a result of subarachnoid haemorrhage 

(Figure 1.8.2) 497. Meanwhile, treatment of MDA-MB-231 breast cancer cells 

with TN-C or β3 integrin blocking antibodies both lead to a reduction in p-

p38α abundance, with the authors hypothesising that this may be due to TN-C 

binding to integrin αVβ3 as integrin αV is known to induce p38α activation 

495,496. This provides further evidence for two potential routes for p38α 

activation by TN-C, these being either TLR4 or integrin dependent.  

In turn, the activation of p38α by TN-C may itself instigate a positive feedback 

loop, with p38α activation leading to increased TNC expression (Figure 1.8.2). 

Inhibition of p38α has been found to significantly reduce TNC expression 

normally enhanced as a result of BMP2 treatment in pre-osteoblastic cells and 

TGF-β treatment in chick fibroblasts 498,499. Additionally, p38 knockdown was 

shown to lead to a reduction in TN-C detection via immunostaining within a 

nerve crush injury model of the murine sciatic nerve 500. Although the 

mechanism by-which p38α may induce TNC expression is unvalidated, a 

potential route is via p38αs modulation of the TNC transcription factor AP-1, 
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its constituent subunits Jun and Fos both being notedly activated by multiple 

stressors in a p38α-dependent manner in mouse embryonic fibroblasts 481. 

Finally, TN-Cs activation of p38α is also associated with its cellular function, 

marking p38α as an effector of TN-C mediated signalling. Such functions 

include cell survival, vasoconstriction and asthma development, with the 

addition of a p38α inhibitor reducing the TN-C-mediated induction of these 

events, often in a dose-dependent manner 491,494,501. 

1.8.5 – p38α / MK2 pathway and miRNA Regulation 

In addition to its role as a central pathway in the cellular stress response, the 

p38α/MK2 axis also acts as a critical regulator of multiple miRNAs at both the 

transcriptional and post-transcriptional level. Through this regulatory activity 

the p38α/MK2 pathway further mediates stress signalling within processes 

such as the inflammatory response and the cell cycle, as well as neurotoxic 

conditions, such as brain injury, Alzheimer’s disease and Parkinsons disease, 

and also in multiple cancers.  

The global regulation of miRNAs by the p38α/MK2 pathway has been 

illustrated through four microarray analyses. Two such arrays examine p38α 

inhibitor treated chemo resistant breast cancer cells (MCF-7TN-R) and 

promyeloblast macrophages (KG-1a), respectively, with the latter exposed to 

a chemotherapeutic 502,503. These analyses found p38α inhibition to promote 

miRNAs characteristic of an aggressive and chemoresistant cancer phenotype. 

An additional analysis within p38α siRNA knockdown laryngeal cancer cells 

found p38α knockdown to associate with the modulation of multiple miRNAs, 
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although their functionality was not examined 504. Finally, Hong et al., 2013 

found ~25% of miRNAs to be downregulated >2-fold as a result of MK2 

knockout, this being attributed to an intriguing regulation of miRNA 

biogenesis machinery performed by MK2 505. 

Hong et al., 2013 identified p38α as a regulator of miRNA processing at the 

microprocessor, with p38α inhibition leading to reduced pre- and mature 

miRNA but not pri-miRNA levels, this occurrence also witnessed in MK2 

knockout cells 505. Expression of constitutively active MK2 led to increased 

miRNA expression, even alongside p38α inhibition, directly implicating MK2 as 

the effector of this mechanism 505. Finally, MK2 was identified via co-

immunoprecipitation and yeast-two hybrid staining analysis as binding to and 

phosphorylating the microprocessor associated factor p68, with binding of 

p72 also identified but with phosphorylation unconfirmed 505. These two 

proteins being associated with increased microprocessor activity and 

enhanced miRNA processing. Thus, MK2 activation was found to enhance the 

biogenesis of select miRNAs through promoting p68 association with the 

microprocessor 505. 

In addition to p68, a number of other miRNA biogenesis-associated proteins 

are known to be regulated by MK2-directed phosphorylation events. Multiple 

MK2-regulated RBPs have the capacity to associate with miRNA precursors, 

leading to modification of the biogenesis process. For instance, KSRP 

enhances miRNA processing via binding to the pri / pre-miRNA apical loop, 

with MK2 knockout MEFs showing reduced KSRP RNA association likely due to 
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phosphorylation events, this potentially impacting its ability to regulate 

miRNAs 506. Intriguingly, p38α-dependent phosphorylation of KSRP has also 

been identified within the differentiating muscle, leading to reduced KSRP 

binding to target mRNAs, this potentially illustrating an opposed function of 

p38α and MK2 507. 

MK2 has been shown to phosphorylate and promote the localisation of Ago2 

to sites of heightened miRNA density, called P-bodies, thus enhancing mature 

miRNA targeting with MK2 knockout shown to reduce miRNA target cleavage 

efficiency 508. p38α has also been associated with Ago2 localisation, with p38α 

inhibition reducing Ago2 found within the midbody of dividing cancer cells 509.  

However, the most striking localisation induced by p38α is that of Drosha, 

found within models of neuronal degeneration such as Parkinson’s disease, 

Alzheimer’s disease and traumatic brain injury in rats 502,503,510. Neuronal p38α 

was found to be activated by cellular stressors such as oxidative stress, heat, 

acidity or neurotoxin administration 502,503,510. Such activation within neuronal 

models led to p38α-dependent phosphorylation of the Drosha Arg-Ser rich N-

terminal region, this instigating Drosha’s nuclear export and degradation 

within the cytoplasm via the action of calpain and the ubiquitin proteasome 

510. Degradation of Drosha within this context was associated with the 

increased neuronal death, potentially in part due to reduced miRNA 

biogenesis 502,503,510.  
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1.9.0 – Aims and hypothesis  

1.9.1 - Aims 

Work by Piccinini and Zordan has characterised the ECM glycoprotein 

tenascin-C as a key component of an effective macrophage inflammatory 

response through its regulation of miRNA-155 expression via a non-

transcriptional mechanism.  

This project aimed to identify by what non-transcriptional mechanism TN-C 

regulates murine macrophage miR-155 expression. Specifically, I intended to 

identify which molecules transduce the TN-C signal into the cell and facilitate 

changes to miR-155 biogenesis, including potential TN-C associated cell 

surface receptor(s) and TN-C-induced intracellular pathways. Additionally, 

using RNA-SEQ I sought to identify additional miRNAs regulated by TN-C, using 

sequence analysis to identify specific pri-miRNA elements which may facilitate 

TN-C mediated regulation of miRNAs. 

1.9.2 – Hypothesis 

Tenascin-C, through interactions with cell surface receptor(s), directly 

regulates YAP via depolymerisation of the actin cytoskeleton, this facilitating 

changes to the microprocessor complex which results in the heightened 

expression of miR-155. 
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Figure 1.9.1. Schematic representation of research hypothesis and initial objectives. This 

schematic details the hypothesised pathway by-which TN-C post-transcriptionally regulates 

miR-155 expression during the macrophage inflammatory response. Grey lines represents 

previously established pathways. Pointed arrows indicate stimulation while blunt headed 

arrows represent inhibition. Crosses represent a pathway that is inactivated by upstream 

interactions.  
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2.1.0 – Reagents 

2.1.1 – Cell culture reagents 

DMEM with L-Glutamine and Na-Pyruvate, RPMI-1640 with L-glutamine, 

Optimem, trypsin (EDTA), HBSS without calcium and magnesium, and the SF 

Cell Line 4D-Nucleofector kit were from Lonza. Fetal Bovine Serum (FBS), β-

Mercaptoethanol and cell dissociation buffer were from Gibco. Trypan blue, 

Penicillin-Streptomycin, HEPES and Lysophosphatidic acid were from Sigma-

Aldrich. LPS (E. coli, serotype EH100 (Ra)) was from Enzo Life Sciences. 

Recombinant Mouse TNF-α (aa 80-235) and Recombinant Human TGF-β were 

from R&D Systems. Lipofectamine® RNAiMAX reagent was from Invitrogen. 

ONTARGETplus SMARTpool siRNAs were purchased from Dharmacon. 

Latrunculin B and Jasplakinolide were purchased from Abcam.  

2.1.2 – Molecular biology reagents 

Trizol® reagent was from Invitrogen. Quantitech Reverse Transcription Kit was 

from Qiagen. GoTaq® qPCR Master Mix was from Promega. SYBR green 

primers for qPCR purchased was from Sigma-Aldritch. TaqMan™ MicroRNA 

Reverse Transcription Kit, MicroRNA Assays, Universal PCR Master Mix, no 

AmpErase™ UNG were from Applied Biosystems. Quick-Load Purple 1kb and 

100bp DNA Ladders as well as 6X purple loading dye were from NEB. YAP1-

pcDNA3.1+C-(K)-DYK construct was purchased from GenScript. NE-PER™ 

Nuclear and Cytoplasmic Extraction Reagents were supplied from Thermo 

Scientific.  
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2.1.3 – Protein chemistry and blotting reagents and equipment 

PageRuler™ Plus Pre-stained protein ladder (10 to 250kDa) and the 

Dynabeads™ Protein G Immunoprecipitation Kit were from Thermo Scientific. 

SDS-PAGE apparatus, wet transfer apparatus and 0.45 ⴗM nitrocellulose 

membranes, and Bradford reagent were all from Bio-Rad. Amersham ECL 

Western blotting Detection Reagents were from GE Healthcare Life Science. 

DTT solution was from VWR. Re-Blot Plus stripping solution was from 

Millipore. Protease inhibitor cocktail, phosphatase inhibitors, 30% bis-

acrylamide, N,N,N,N-tetramethylethylenediamine (TEMED) and other buffer 

components were from Sigma-Aldrich.  

2.2.0 – Buffer recipes 

Buffers and Solutions Recipe 

4X Tris-Cl/SDS, pH 6.8 0.5 M Tris-Cl (pH 6.8) and 0.4% SDS 

4X Tris-Cl/SDS, pH 8.8 1.5 M Tris-Cl (pH 8.8) and 0.4% SDS 

Blocking Solution (Western Blot) 5% Bovine Serum Albumin (BSA) or 5% 

milk in 1X TBS 

Blocking Solution 

(Immunofluorescence) 

5% sheep serum, 3% BSA in PBS  

Blocking Solution + PEMs 

(Immunofluorescence) 

5% sheep serum, 3% BSA in PEM 

Permeabilization buffer 0.1% Triton X-100 in 1x PBS 

PBS 10X 70.1 g/L NaCl, 2 g/L KCl, 4.4 g/L Na2HPO4, 

12.8 g Na₂HPO₄, 2H₂O 
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TBS 10X 24 g Tris base, 88 g NaCl, up to 1 L dH2O 

(pH 7.6) 

TBST 100 mL TBS (10X), 1 mL Tween, up to 1 L 

dH2O 

Transfer Buffer 10x 15 g Tris base, 72 g Glycine, up to 1 L 

dH2O 

Transfer Buffer 1x 100 mL Transfer Buffer (10X), 200 mL 

Methanol, up to 1 L in dH2O 

Running Buffer 10x  30 g Tris base, 144 g Glycine, 1% SDS 

(w/v), up to 1 L dH2O 

Laemmli Buffer 1x  63 mM Tris-Cl (pH 6.8), 2% SDS, 10% 

Glycerol, 0.1% B-mercaptoethanol, pinch 

of bromophenol blue, up to 10 mL dH2O 

Lysis Buffer  20 mM Tris-Cl (pH 7.5), 150 mM NaCl, 10 

mM EDTA, 10 mM EGTA, 1% NP-40, 

protease inhibitor cocktail (1:1000; 

Roche), phosphatase inhibitor cocktail 

(1:100; Sigma).  

Solubilisation Buffer 2x 100 mM Tris-Cl (pH6.8), 4% SDS, 200 mM 

DTT, up to 10 mL dH2O. 

Guanidine Hydrochloride 0.3 M guanidine hydrochloride, 95% 

Ethanol. 

SDS PAGE Gel 10% (Separating Gel) 375 mM Tris-Cl (pH 8.8), 0.1% SDS, 10% 

acrylamide, up to 15 mL with dH2O. 

1:300 10% Ammonium persulfate (APS) 
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and 1:1500 Tetramethylethylenediamine 

(TEMED). 

SDS PAGE Gel 10% (Stacking Gel) 125 mM Tris-Cl (pH 6.8), 0.1% SDS, 3.9% 

acrylamide, up to 5 mL with dH2O. 1:200 

10% Ammonium persulfate (APS) and 

1:1000 Tetramethylethylenediamine 

(TEMED). 

3-(4,5-Dimenthylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) 

5 mg/ml in PBS, sterile filtered, 10 % 

(v/v) used in assay 

MTT lysis buffer 10 % (w/v) SDS, 0.01 M HCl2M 

FACS Buffer 2% BSA, 2mM EDTA, 0.02% NaN3, in 1x 

PBS 

PEM Buffer 80 mM PIPES pH 6.8, 5 mM EGTA, 2 mM 

MgCl2 

Hank’s Balanced Salt Solution (HBSS) NaHCO3: 0.35 g/L, Phenol red: 0.011 g/L, 

Glucose: 1.0 g/L (Dextro). 

Table 2.2.1. Buffer and solution recipes. 

2.3.0 – Primers 

The efficiency of all primers was validated via qPCR analysis of a 1:2, 1:3 or 

1:10 sample concentration curve of 5 points or more, with optimal primer 

efficiency being noted by qPCR CT standard curve with an R2>0.9 

(Supplementary figure 7.1.0). Additionally, primer specificity was determined 

through the detection of a single narrow peak within the qPCR melting curve. 

Gene Orientation Sequence (5’-3’) 
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TNC Forward ACCATGCTGAGATAGATGTTCCAAA 

Reverse CTTGACAGCAGAAACACCAATCC 

Pri-miR-155 Forward GCATTAACAGGACACAAGGCC 

Reverse GACTTGTCATCCTCCCACGG 

MBNL1 Forward AGCTTAGCCACCAGTGCATC 

Reverse GGTACTCTCGACACACCTCCA 

HNRNPF Forward TTTTTAAGGCGTCGGGTGGA 

Reverse TCATGGACACTTGACAGGGC 

MAPKAPK2 Forward GGAAAGTCCCTAGGTTGCCC 

Reverse TCTAGAGCCAGTGAGGACCC 

ITGAV Forward CGTTTCTATCCCACCGCAGG 

Reverse ACCAGCGAGCAGTTGAGTTC 

ITGB1 Forward GGTCCCGACATCATCCCAAT 

Reverse TAGGATTTTCACCCCGTGTCCC 

ITGB3 Forward GTGAGTGCGATGACTTCTCCTG 

Reverse CAGGTGTCAGTGCGTGTAGTAC 

HPRT1 Forward CAGTCCCAGCGTCGTGATTA 

Reverse TGGCCTCCCATCTCCTTCAT 

YAP1 Forward TGAATTCTGCCTCAGGACCTC 

Reverse AGTGATCCTCTGGTTCATGGC 

Table 2.3.1. SYBR green primer sequences 

2.4.0 – Cell culture 

All cells were cultured using a humidified incubator at 37 °C, in 5% CO2 

atmosphere. 
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2.4.1 – Preparation of bone marrow-derived macrophages  

Bone marrow-derived macrophages (BMDMs) were generated and cultured 

by Nicole Zordan 511. To generate BMDMs, Hank’s Balanced Salt Solution 

(HBSS) was used to flush bone marrow from the tibias and femurs of tnc+/+ 

and tnc-/- mice acquired from Prof. Kim Midwood (Oxford). Erythrocytes were 

lysed by applying Red Blood Cell Lysis Buffer to pelleted cells at room 

temperature for 5 minutes, followed by three washes in DMEM and final 

resuspension in 1 mL culture medium. 5 x 106 cells were seeded in 10 cm petri 

dishes and cultured in DMEM supplemented with 20% (v/v) FBS, 1% (v/v) 

antibiotic-antimycotic solution, 50 μM β-Mercaptoethanol and 100 ng/ml 

recombinant human M-CSF. After 7 days incubation, adherent cells were 

harvested using Non-Enzymatic Cell Dissociation Solution and were washed in 

1x PBS before being used in experiments. 

2.4.2 - RAW264.7 cells, Immortalised BMDMs, NIH-3T3 and EO771 cells 

Immortalised Bone Marrow Derived Macrophages (iBMDM) were a kind gift 

from Prof Luisa Martinez-Pomares and Prof Uwe Vinkemeier (University of 

Nottingham) having been immortalised by Dr Graham Foster’s lab via 

infection with J2 recombinant retrovirus 512. iBMDMs and RAW246.7 cells 

were cultured using RPMI-L-glutamine and DMEM respectively, with 10% FBS 

and 1% penicillin / streptomycin.  

EO771 cells were a kind gift from Prof Anna Grabowska (University of 

Nottingham) and NIH-3T3 cells were provided by Prof. David Heery (University 

of Nottingham). EO771 and NIH-3T3 cells were cultured using DMEM 
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supplemented with 10% FBS and 1% penicillin / streptomycin. EO771 cells 

were additionally supplemented with 20 mM HEPES.  

RAW 246.7 cells were maintained between 4 and 20 passages, while iBMDMs, 

NIH-3T3 and EO771 cells, the original passage number of which was unknown, 

were permitted 10 passages after thawing. All cells were passaged at 70-80% 

confluency as determined via cell counting using trypan blue staining and a 

hemacytometer. A cell lifter was used to detach RAW 246.7 cells for 

passaging, while iBMDMs, NIH-3T3 and EO771 cells required 5-minute 

incubation with trypsin/EDTA at 37 °C.  

2.4.3 – Cell stimulation  

Treatment Function Source Final 

concentration 

LPS (E. coli Serotype 

EH100 (Ra)) 

TLR4 activation Enzo Life Sciences 100 ng/mL 

Latrunculin B Actin cytoskeleton 

depolymerisation 

Abcam (ab144291) 500 nM 

Jasplakinolide Actin cytoskeleton 

polymerisation and 

stabilisation 

Abcam (ab141409) 500 nM 

Lysophosphatidic 

acid  

Actin stress fibre 

formation 

Sigma (L7260-1MG) 10 μg 

Recombinant TNF-α 

(Mouse, aa 80-235) 

TNFR activation Bio-techne 

(410-MT-010/CF) 

5 ng/mL – 20 

ng/mL 
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Recombinant TGF-β 

(Human cell-

expressed) 

TGFBR activation Bio-techne (7754-

BH-005/CF) 

1 ng/mL – 10 

ng/mL 

Table 2.4.1. Cell treatments 

1 mg/mL LPS stock was vortexed for 1 minute before being used to create a 

100 ng/mL solution in cell culture media (Table 2.4.1.). This dilution was 

performed immediately before use.  

RAW 246.7 cells and BMDMs were treated with 100 ng/mL LPS for the 

durations indicated in the text, while EO771 and NIH-3T3 cells were treated 

with varying dosages of LPS, TNF-α or TGF-β for the durations indicated. All 

treatments were accompanied by replacement of culturing media (Table 

2.4.1.). 

Actin modulators were solubilised in DMSO. When conducting actin 

modulation experiments, media containing 500 nM Latrunculin B, 500 nM 

Jasplakinolide or 10 ⴗg Lysophosphatidic acid sodium salt (LPA) was 

administered to RAW 246.7 cells for 2 hours, before cell fixation, or media 

change and subsequent LPS treatment. (Table 2.4.1). Cells treated with an 

equal concentration of DMSO to that administered in the actin modulator 

solution were used as controls. 

2.4.4 – Plasmid nucleofection  

Nucleofection reactions were assembled and the 4D-Nucleofector unit 

programmed following the Lonza protocol for RAW 264.7 cells, with 2 ⴗg of 

YAP1-pcDNA3.1+C-(K)-DYK, pcDNA3.1 empty vector or GFP vector (Lonza) 
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being combined with a 100 ⴗL 4.5:1.0 ratio mixture of nucleofection solution 

and nucleofection supplement (Supplementary Figure 7.2.0). RAW 246.7 cells 

were pelleted via centrifugation at 90 xg for 10 minutes to preserve cellular 

integrity. Each plasmid solution was used to resuspend a separate pellet of 

2x106 RAW 246.7 cells, before being transferred to a nucleocuvette and 

placed within the 4D-Nucleofector unit. Upon programme completion the cell 

suspension was allowed to incubate for 5 minutes before its dilution using 

pre-warmed cell culture media and subsequent plating. 

Successful nucleofection was determined via GFP fluorescence after 48 hours. 

24 hours post nucleofection cell culture media was changed. 

2.4.5 – siRNA transfection  

siRNA knockdown of mRNA expression was performed on cells at 60-65% 

confluency via transfection with Lipofectamine RNAiMAX reagent and siRNAs 

(Table 2.4.2). 

Dharmacon siRNA – 

ON-TARGETplus 

SMARTpool 

Species Cat No 

YAP1 Mouse L-046247-01-0005 

TNC Mouse L-046798-01-0005 

MAPKAPK2 Mouse L-040135-00-0005 

ITGB1 Mouse L-040783-01-0005 

ITGB3 Mouse L-040746-01-0005 

ITGAV Mouse L-046779-01-0005 
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NRP1 Mouse L-040787-00-0005 

Non-targeting Pool Mouse D-001810-10-05 

Table 2.4.2. siRNA reagents 

Cells were seeded on 24-well (7.5x104 cells/well), 12-well (1.5x105 cells/well), 

or 10 cm plates (2.5x106) and incubated overnight, being treated with the 

following transfection reaction mixes when at the desired confluency the 

following day (Table 2.4.3. and 2.4.4.).  

For a 12 well plate the transfection reaction was prepared as follows to create 

a final siRNA concentration of 10 nM. 

Reagents siRNA Mix (1x sample) 

Opti-MEM 46uL 

siRNA (10 ⴗM stock) 4uL 

 

Table 2.4.3. siRNA mix for 12-well plate 

Lipofectamine RNAiMAX mix (1x sample) 

Opti-MEM 52.0uL 

RNAiMAX 3.0uL 

Table 2.4.4. Lipofectamine solution 

siRNA and lipofectamine solutions were thoroughly mixed and incubated for 

20 minutes at room temperature. Cell media was replaced with 900 ⴗL media 

and 100 ⴗL transfection mixture was added in a dropwise manner followed by 

gentle swirling to evenly distribute. 24 h post-transfection media was 
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replaced. Functional experiments were conducted after 24 h post-

transfection, being concluded by 48 h post-transfection. 

2.4.6 – MTT assay  

RAW 246.7 cells were seeded at 1.4x104 cells per well in a 96-well plate. After 

one day of growth, media was removed and cells were incubated with serial 

dilutions of actin modulators for 2 hours in 100 ⴗL of fresh media, as 

described in (Section 2.4.3). Following this, 10 ⴗL of sterile filtered 5 mg/mL of 

MTT solution was added to each well. Plates were incubated at 37 °C for 1 

hour, or until formazan crystals were visible under a microscope. The MTT 

reaction was halted and formazan crystals solubilised via addition of 90 ⴗL 

MTT solvent to each well. MTT absorbance at 590 nm was measured using a 

BioTek Synergy HTX multimode microplate reader. Non-MTT wells were used 

as blank controls. 

2.4.7 – FACS analysis 

FACS analysis was performed by Xingyu Go. RAW 246.7 macrophages were 

dissociated via 30 minutes incubation with non-enzymatic cell dissociation solution 

on ice. 150,000 cells were washed and resuspended in FACS buffer before being 

incubated for 30 mins at room temperature with fluorescent-conjugated primary 

antibodies. Cells were then fixed using 4% PFA/PBS before being analysed on a 

ID7000 Spectral Flow Cytometer (Table 2.4.5). Data were analysed using FlowJo 

software, calculating the percentage of positive cells and mean fluorescence intensity 

(MFI).  
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Antibody Fluorescent 

Protein 

Concentration Manufacturer 

ITGB1 APC 0.5 ⴗg Invitrogen (#MA1-

19458) 

ITGA9 PE 0.5 ⴗg Invitrogen 

ITGA5 FITC 1.0 ⴗg Invitrogen 

ITGAV PE 0.5 ⴗg Invitrogen 

TGFBR2 PE 0.5 ⴗg Invitrogen 

Table 2.4.5. Antibodies for FACS analysis 

2.5.0 – Molecular biology techniques 

2.5.1 – RNA-immunoprecipitation 

RAW 246.7 cells were seeded onto 10 cm plates and underwent siRNA 

transfection of TNC or scramble control (siCTRL) siRNA, as described in Section 

2.4.5. Once cells reached 70-80% confluency, 2-hour LPS stimulation was 

performed, as described in Section 2.4.3. Following stimulation, cells were 

washed in 10 mL ice-cold PBS, lifted into 500 ⴗl PBS using a cell lifter, and 

transferred to a 1.5 mL tube. Cells were pelleted at 2000 xg for 3 minutes at 4 

°C with the supernatant then removed. Pellets were then lysed via gentle 

rotation at 4 °C with 500 ⴗL 1X lysis buffer for 30 minutes (Table 2.2.1). The 

lysate was then centrifuged at 14,000 xg for 15 minutes at 4 °C to remove cell 

debris. 

The Dynabead Protein G Immunoprecipitation kit was used to 

immunoprecipitate protein-RNA complexes following manufacturer’s 
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instructions with minor adjustments for RIP, as recommended by Galiardi and 

Matarazzo 513.  

Pre-clearing, a step which reduces aspecific bead-immunocomplex binding, 

was performed for each 500 ⴗL sample via rotation with 10 ⴗL of magnetic 

beads for 30 minutes at 4 °C. Concurrently, 50 ⴗL of beads per sample were 

incubated at room temperature with 4 ⴗg of anti-Drosha antibody or IgG 

isotype control diluted in 200 ⴗL of antibody binding and washing buffer 

sourced from the Dynabead Protein G Immunoprecipitation kit (Table 2.7.2).  

50 ⴗL of pre-cleared samples were retained as an input control. 475 ⴗL of each 

pre-cleared lysate was combined with Drosha and IgG control antibody-bead 

complexes and incubated overnight at 4 °C under gentle rotation. The 

following day, supernatants were placed in new tubes, being retained as 

unbound controls. The bead-antibody-RNA immunocomplexes were washed 

three times in 200 ⴗL washing buffer, before resuspension in 100 ⴗL washing 

buffer and transfer to a fresh tube. Following complete removal of washing 

buffer, the bead-antibody-RNA immunocomplexes were resuspended in 500 

ⴗL of Trizol, with RNA extraction performed as outlined below (Section 2.5.2). 

2.5.2 – Total RNA extraction and quantification 

Total RNA extraction from cell lysates was performed using Trizol following 

the manufacturer’s instructions (Invitrogen). Samples were examined using a 

NanoDrop® (Thermo Scientific) with 260/280 nm and 260/230 nm absorbance 

ratios of ~2.0-2.2 indicating ideal RNA purity. 
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2.5.3 – Quantitative Real-Time PCR (SYBR Green) 

SYBR Green based qPCR allows the relative quantification of mRNA expression 

by using a pair of primers and non-specific fluorescent dyes. Upon primer 

annealing intercalation of the dye occurs, producing a measurable fluorescent 

signal. Normalisation of readings was performed using the endogenous 

invariant control mRNA hypoxanthine phosphoribosyltransferase 1 (HPRT1) 

via the ΔΔCT method.   

Prior to qRT-PCR, reverse transcription was performed using the Quantitech 

Reverse Transcription Kit (Qiagen) using 500 ng of total RNA per reaction. 

Samples were incubated with Genomic DNA elimination buffer at 42 °C for 2 

minutes. Upon addition of the reverse transcription mix, samples were further 

incubated within a pre-warmed thermocycler under the conditions 

summarized in Table 2.5.1. 

Temperature Duration 

42 °C 15 min 

95 °C 3 min 

4 °C - 

Table 2.5.1. Reverse transcription thermocycling conditions. 

cDNA was diluted 1:3 with nuclease free water and the qPCR reaction mixes 

were created using GoTaq PCR Mastermix (Table 2.5.2). Thermocycling was 

performed under the following conditions in a Qiagen Rotor-Gene Q machine 

(Table 2.5.3).  

Component Volume 
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GoTaq qPCR Master Mix (2X) 5.0 ⴗL 

0.4 ⴗM Forward Primer 0.4 ⴗL 

0.4 ⴗM Reverse Primer 0.4 ⴗL 

cDNA 3.0 ⴗL 

Nuclease-Free Water 1.2 ⴗL 

Total  10.0 ⴗL 

Table 2.5.2. SYBR-green qPCR reaction components. 

Cycle Temperature Duration 

1X 95 °C 10 min 

40X 95 °C 5 sec 

62 °C 30 sec 

68 °C 15 sec 

Table 2.5.3. SYBR-green qPCR thermocycling conditions. 

2.5.4 – Quantitative Real-Time PCR (Taqman) 

Taqman qPCR allows the relative quantification of miRNA expression within a 

sample. This utilises a forward and reverse primer with a sequence-specific 

probe. This probe contains a 5’ fluorophore (FAM) and a 3’ quencher (NFQ) 

and emits fluorescence when hybridised to a complementary sequence. Taq 

polymerase degrades the 3’ quencher, increasing the strength of fluorescence 

as the amplicon extends. Normalisation was performed using the endogenous 

invariant control small nuclear Sno RNA U6 via the ΔΔCT method.  

Taqman miRNA reverse transcription was performed following the 

manufacturer’s instructions using 20 ng of trizol extracted total RNA per 

reaction (Table 2.5.4). Reactions were created using both miR-155 and U6 
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Taqman MicroRNA Reverse Transcription Kit and were placed in a pre-

warmed thermocycler under the following conditions (Table 2.5.5).  

 

Component Initial Concentration Volume 

dNTPs (with dTTP) 100 mM 0.15 ⴗL 

Multiscribe Reverse 

Transcriptase 

50 U/ⴗL 1.00 ⴗL 

Reverse Transcription 

Buffer 

10X 1.50 ⴗL 

RNase Inhibitor 20 U/ⴗL 0.19 ⴗL 

TaqMan MicroRNA RT 

Primer 

5X 2.0 ⴗL 

Total RNA sample 20 ng/ⴗL 1.0 ⴗL 

Nuclease-free water  8.16 ⴗL 

Total  15.0 ⴗL 

Table 2.5.4. Taqman miRNA reverse transcription mix. 

Temperature Duration 

16 °C 30 min 

42 °C 30 min 

85 °C 5 min 

4 °C ∞ 

Table 2.5.5. Taqman miRNA reverse transcription thermocycling conditions. 
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qPCR reactions were compiled using the following components (Table 2.5.6). 

These reactions were placed in a Qiagen Rotor-Gene Q machine under the 

following conditions (Table 2.5.7).  

Component Volume 

TaqMan 2X Universal PCR Master Mix 

(No AmpErase UNG) 

5.0 ⴗL 

Nuclease-free Water 2.5 ⴗL 

TaqMan MicroRNA Assay 20X 0.5 ⴗL 

cDNA 2.0 ⴗL 

Total 10.0 ⴗL 

Table 2.5.6. Taqman qPCR reaction mixture. 

Cycle Temperature Duration 

1X 95 °C 10 min 

40X 95 °C 15 sec 

60 °C 60 sec 

Table 2.5.7. Taqman qPCR thermocycling conditions. 

2.6.0 – Protein Extraction and Quantification 

2.6.1 – Total protein extraction 

Cell culture media was removed, and cells were washed twice with ice cold 

PBS with lysis buffer then applied evenly across the cells followed by 15-

minute incubation on ice. Cells were thoroughly scraped using a cell lifter, 

checking under a microscope to ensure full detachment, then homogenizing 

via repeated pipetting. Samples were collected in 1.5 mL tubes and spun at 
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13,000 xg for 15 minutes at 4 °C with the supernatant placed into a fresh tube. 

Samples were kept at 4 °C at all stages. 

2.6.2 – Protein extraction from Trizol organic fraction 

150 ⴗL of 100% ethanol was added to the Trizol organic phase per 500 ⴗL of 

Trizol used in phase separation. After mixing via 3-5 inversions, the samples 

were centrifuged at 3,000 xg for 5 mins at 4 °C. Following this, the 

supernatant was decanted into 1.5 mL Eppendorf tubes containing 750 ⴗL of 

isopropanol per 500 ⴗL of Trizol. The samples were then mixed thoroughly via 

inversion and incubated at room temperature for 30 minutes followed by 

centrifugation at 12,000 xg for 10 minutes at 4 °C. The supernatant was then 

discarded, and 1 mL of 0.3 M guanidine hydrochloride was added to wash, 

incubating at room temperature for 20 minutes before centrifugation at 

12,000 xg for 5 minutes at 4 °C. This wash step was repeated twice, with a 

pipette tip used to break up the formed pellet after the initial wash to aid 

later resuspension. After washing, 1 mL of 100% ethanol was added to the 

pellet, with incubation at room temperature for 20 minutes followed by 

centrifugation at 12,000 xg for 5 minutes at 4 °C. After removal of the 

supernatant by decanting, the samples were left to air dry for 10 minutes or 

until all residual ethanol had evaporated. Following this, 125 ⴗL of 2X 

solubilisation buffer or 60 ⴗL of 1X Laemmli buffer (Table 2.2.1) was added to 

the pellets, with resuspension aided by incubation at 60 °C for 1 hour. In some 

cases, larger pellets did not resuspend, in which case the volume of buffer was 

increased, incubation time was extended and sonication was performed. 
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2.6.3 – Nuclear / Cytoplasmic protein fractionation 

RAW 246.7 cells, having either undergone siRNA transfection or plasmid 

nucleofection two days prior to LPS stimulation, were resuspended in PBS 

following gently pelleting at 500xg for 5 minutes. Cells were counted and 

2x106 cells from each condition were pelleted and their nuclear and 

cytoplasmic protein fractions obtained using the NE-PER™ Nuclear and 

Cytoplasmic Extraction Reagents following the manufacturer’s protocol, using 

100 ⴗL of CER1, 5.5 ⴗL of CER2, and 50 ⴗL NER1 buffers. All buffers were ice-

cold, and all steps were performed at 4 °C. 

2.6.4 – Bradford assay 

A five-point standard-calibration curve was created using a 1:2 serial dilution 

of BSA, from 0.50 mg/mL to 0.032 mg/mL. Samples and standards were 

diluted to a final volume of 10 ⴗL using 1x PBS within a 96 well microplate. 

200 ⴗL of diluted and sterile filtered dye reagent was added to each well. Each 

sample and standard was measured in triplicate at 595nm using a Biotek 

Synergy HTX plate reader. Standard curves of absorbance values against 

standard concentrations were plotted and fitted to a linear regression. The 

resultant equation (shown below) was used to estimate unknown protein 

concentrations of samples. 
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𝑋 =
𝑌 − 𝐵

𝑀
 

 

X = protein concentration (mg/mL), Y = absorption (595mM), B = Y-intercept, M = 

slope of the line. 

2.7.0 – Immunoblotting 

2.7.1 – SDS PAGE 

10 ⴗg of protein samples was made-up to 40 ⴗL in 1X PBS or TBS, before being 

combined with 10X Loading buffer and being boiled for 15 minutes at 100°C 

prior to loading. 40 ⴗL samples were then loaded in their entirety into an SDS 

PAGE Gel, prepared as detailed in (Table 2.7.1), submerged in 1X Running 

Buffer alongside 5 ⴗL of PAGE-Protein Plus Ladder. SDS PAGE gels were ran at 

10 mA for 30 minutes then at 20 mA for 6 hours, using a BIO-RAD PowerPac 

Universal, or until the ladder had fully migrated down the gel. 

In instances of low protein abundance, the entire protein sample was be 

loaded onto the gel. This required heating of the sample at 100 °C in a heat 

block placed under a fume hood with the tubes lid open to allow fluid 

evaporation, until 40 ⴗL of sample remained which was then loaded onto the 

gel in its entirety. 

 Separating gel Stacking gel 

Component 8% 10% 12% 3.9% 

30% acrylamide / 

0.8% bisacrylamide 

2 mL 2.5 mL 3 mL 0.32 mL 
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4X Tris-Cl/SDS, pH 

8.8 

1.875 mL 1.875 mL 1.875 mL - 

4X Tris-Cl/SDS, pH 

6.8 

- - - 0.62 mL 

H2O 3.625 mL 3.125 mL 2.625 mL 1.525 mL 

10% (w/v) 

ammonium 

persulfate (APS) 

25 μL 25 μL 25 μL 12.5 μL 

TEMED 5 μL 5 μL 5 μL 2.5 μL 

Table 2.7.1. SDS-PAGE separating and stacking gel composition. 

2.7.2 – Western Blot 

A nitrocellulose membrane was hydrated with deionised water before 

incubation for 1 hour submerged in ice cold 1X transfer buffer with gentle 

shaking. The transfer sandwich was assembled ensuring no air bubbles were 

present before submerging in 1X transfer buffer within a PowerPac Universal 

from BIO RAD, at 350 mA for 60 minutes at 4 °C. 

Blocking was performed via the addition of 20 mL blocking buffer and 

incubation for 1 hour at room temperature with rotation. Following this, the 

membrane was incubated with 5mL of primary antibody solution (in blocking 

buffer) overnight at 4 °C with rotation (Table 2.7.2). The membrane was then 

washed three times using 20 mL 1X TBST and 10 min rotation. 5 mL of fresh 

secondary antibody diluted in 5% milk was incubated with the membrane for 

2 hours at room temperature with rotation before another wash was 

performed. The membrane was incubated for 2 mins with 800 ⴗL of ECL with 
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chemiluminescence detected using the ImageQuant LAS 4000 system. 

Densitometric quantification of band density was performed using ImageJ. 

Membranes were either stored in 1X TBS or incubated for 5 minutes in 20 mL 

of Re-Blot plus stripping solution and then incubated twice in blocking 

solution for 5 min before being re-probed with a different primary antibody. 

Primary 

antibodies  

Dilution Source 

Drosha 1:1000 in 5% BSA / TBST (w/v) Abcam (Ab12286, Rabbit) 

Tenascin-C  1:1000 in 5% BSA / TBST (w/v) Sigma (T3413, Rat) 

α-tubulin 1:5000 in 5% milk / TBST (w/v) Abcam (Ab52866, Rabbit) 

YAP1 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#14074, Rabbit) 

p65 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#4764, Rabbit) 

Lamin-A/C 1:1000 in 5% milk / TBST (w/v) NovusBio (NB100-56649SS, 

Rabbit) 

MK2 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#3042S, Rabbit) 

pMK2 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#3007S, Rabbit) 

p38α 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#9218T, Rabbit) 

p-p38α 1:1000 in 5% BSA / TBST (w/v) Cell Signalling (#9211S, Rabbit) 

Anti-rat 

(secondary) 

1:5000 in 5% milk / TBST (w/v) Millipore (AP136P, Goat) 

Anti-rabbit 

(secondary) 

1:5000 in 5% milk / TBST (w/v) Dako (P0217, Pig) 

Table 2.7.2. Antibodies used in Western Blot and RNA-immunoprecipitation. 
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2.7.3 – Immunocytochemistry 

RAW 246.7 cells cultured on Ibidi chambered coverslips were fixed via 15 

minutes incubation at 4 °C with either 4% PFA/PBS solution, or 4% PFA/PEMS 

solution and stored at 4 °C in 1x PBS or 1x PEMS, respectively, supplemented 

with 0.2% sodium azide (Table 2.2.1). 

Samples to be stained with phalloidin or p65 were permeabilised via 15 

minutes incubation with 250 ⴗL permeabilization buffer at room temperature. 

250 μl blocking solution was administered to each coverslip chamber and 

incubated overnight at 4 °C. Samples were then incubated with primary 

antibody (Table 2.7.3) diluted 1:200 in blocking solution overnight at 4 °C. 

Samples were washed 4 times in 1x PBS or 1x PEMS followed by incubation for 

1 hour at room temperature in darkness, with secondary antibody diluted 

1:500 in blocking solution as well as DAPI stain, and phalloidin-488 in order to 

visualise the actin cytoskeleton. Following this, an additionally series of 4 

washes was performed, the sample was then incubated for 20 minutes in the 

dark with 1 μM DRAQ5 dye diluted in blocking solution. After an additional 

series of washes, if DRAQ5 was added, coverslips were filled with 1x PBS or 1x 

PEMS buffer and stored at 4°C in the dark (Table 2.2.1). 

Images were captured using the Evos FL Cell Imaging System, Zeiss Exciter 

Wide Field Microscope, or the Zeiss LSM-510 Confocal System, as indicated in 

the text. Quantification of fluorescent intensity was performed using ImageJ. 
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Primary antibodies and 

probes 

Dilution Source Secondary antibody 

(1:500; Invitrogen) 

Anti-p65 (#4764, Rabbit) 1:200 Cell Signalling Anti-rabbit, Alexa-fluor 

546 

Phalloidin Fluor™ - 488 1:200 ThermoFisher - 

DAPI staining 1:100 Invitrogen - 

DRAQ5 staining 1:5000 ThermoFisher - 

Table 2.7.3. Antibodies and stains used in immunofluorescence. 

2.8.0 – RNA Seq analysis 

2.8.1 – RNA preparation and small RNA sequencing 

Total RNA was extracted from TNC +/+ and TNC -/- BMDMs treated or 

untreated with 10 ng/mL LPS for 4 hours, using a ReliaPrepTM miRNA Cell and 

Tissue Miniprep system following manufacturer's instructions. RNA integrity 

was determined at the University of Nottingham using the Agilent 2100 

Bioanalyser system, with all samples showing an RNA integrity numbers (RIN) 

>9. Further assessment of RNA integrity was performed by Novogene, using 

agarose gel electrophoresis to detect contaminants and a nanophotometer to 

assess RNA purity. 

3 ⴗg of total RNA in RNase-free water, in triplicate for each condition, was 

supplied to Novogene for library preparation and sequencing. Libraries were 

prepared using NEB Next® Multiplex Small RNA Library Prep Set for Illumina® 

following the manufacturer’s recommendations. The resultant 10-50 bp 

libraries were sequenced using an Illumina Novaseq 6000 platform. 
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2.8.2 – sRNA-seq data analysis by Novogene 

The quality of raw reads was assessed using an in-house Novogene script, 

leading to the removal of low-quality reads, reads with retained adapter 

sequences, reads featuring poly(A/T/G/C) repeats, and reads containing >10% 

non-designated ‘N’ bases.  

Clean reads were mapped to the mouse genome using Bowtie with 

alignments containing zero mismatches being carried forward to miRNA 

identification. miRDeep 2.0 was used to identify mature miRNA and pre-

miRNA with alignment based upon the miRbase v20.0 database. Aligned 

miRNA with zero mismatches within the seed sequence and up to two 

mismatches outside of the seed sequence were counted. miRNA identification 

was further validated and quantified by miRDeep 2.0 through the mapping of 

identified mature miRNA sequences to known pre-miRNA reference species 

from miRbase v20.0, allowing for a single mismatch in the pre-miRNA and 

zero mismatches in mature miRNA alignments. Finally pre-miRNA and mature 

miRNA mapping data were intersected, a mature miRNA read representing a 

sequenced mature miRNA aligning with its pre-miRNA sequence with a -2 nt 

upstream and +5 nt downstream tolerance, to account for untemplated 

isomiRs. Transcripts per million (TPM) were estimated: 

𝑇𝑃𝑀 =
𝑀𝑎𝑝𝑝𝑒𝑑 𝑅𝑒𝑎𝑑 𝐶𝑜𝑢𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑎𝑑𝑠
106 

Differential expression analysis was performed using the DEseq2 package 

(v1.8.3) with p-values adjusted using the Benjamini Hockberg method. For 

samples without biological replicates the read counts were adjusted using the 
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Trimmed Mean of M-values, followed by differential expression analysis using 

the EdgeR package (v3.24.3). The Benjamini Hockberg method was then 

applied. An adjusted p-value threshold of < 0.05 and a log2 fold change of 1.0 

were set as significancy thresholds. 

2.8.3 – GO and KEGG analysis of miRNA targets 

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis was performed using the DIANA-miRPath v3.0 software 514.  Gene 

union comparison of miRNA-targets was conducted by the software using a 

combination of the miRTarbase database of experimentally validated, and the 

microCD databases of predicted, miRNA-mRNA interaction. A significancy 

threshold of p<0.05 was used with the Benjamin and Hockburg FDR correction 

applied.  

2.8.4 – pri-miRNA cis-regulatory element analysis 

In order to identify the presence or absence of specific cis-regulatory 

elements within pri-miRNA specific criteria were established based upon 

those previously used by Narry Kim 153.  

First, the pri-miRNA sequence for each miRNA of interest was established 

through alignment of the pre-miRNA sequence, as catalogued on miRbase, 

with the NCBI murine genome. The FASTA sequence from -25nt downstream 

of the pre-miRNAs 5’ end and +20nt upstream of the 3’ end was extracted, 

this considered to represent the majority of documented pri-miRNA 

regulatory features 153. 
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Pri-miRNA secondary structure prediction was performed via the MXFold2 

webtool, which uses deep learning integrated Turner’s nearest neighbour free 

energy parameters to generate RNA secondary structures 515. The dot-bracket 

notation output was further visualised using the Pseudoviewer3 webtool, 

which also predicted potential pseudoknot formations within the pri-miRNA 

secondary structure (Supplementary figure 7.3.0 and 7.4.0) 516.  

Cis-regulatory elements were identified within each pri-miRNAs predicted 

secondary structure using the following criteria, with the 5’ end of the pre-

miRNA sequence designated as position 0: 

1) Basal UG  

A UG at position -14 on the 5’ strand. 

2) Apical UGUG 

A UGUG, UGU or GUG motif at position +21, +22 or +23 on the 5’ strand. 

3) Basal mGHG 

An aligned sequence, without a bulge, between -7 to -5 on the 5’ strand and 

+5 to +3 on the 3’ strand. The “mGHG score” of the corresponding sequence 

was calculated using Kwon et al., 2019’s previous analysis of human mGHG 

motifs, the degree to which each mGHG motif impacted processing was 

assessed 142. A functional mGHG motif was defined as having a score >38. 

4) Apical mGHG 
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An aligned sequence, without a bulge, -7 to -5 from the start of the pri-miRNA 

apical loop. The “mGHG score” of the corresponding sequence was calculated 

as above 142. 

5) CNNC motif 

A CNNC, DNNC or CNND motif +17 downstream on the 3’ strand. 

6) Lower stem stability 

The lower stem of a pri-miRNA was determined to be stable if fewer than 4 

mismatched nucleotides were present from position -1 to -13 on the 5’ strand. 

Furthermore, detailed analysis of this regions thermodynamic stability was 

calculated using the RNA co-fold webtool. 

2.9.0 – Statistical Analysis 

GraphPad Prism version 10.0.2 (GraphPad Software, Inc.) was used to 

calculate mean values, standard deviation (SD), standard error of mean (SEM) 

and to perform statistical tests, as indicated in figure legends. A maximum of a 

single outlier was removed from qPCR technical replicates if SD>0.5, with the 

outlier determined via the largest deviation from the sample mean.  

2.9.1 – Statistical Test Workflow 

First a Shapiro-Wilk test was performed to determine data normality, with a 

p>0.05 indicating normal data.  

If assessing the significance of the effect of a single nominal variable on a 

continuous variable within a normal dataset (e.g. The effect of siRNA 

treatment on miR-155 expression) an independent t-test was used.  
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When identifying the significance of the effect of two nominal variables on a 

continuous variable within a normal dataset (e.g. The effect of LPS timepoint + 

siRNA treatment on miR-155 expression) a two-way ANOVA with Sidak’s 

multiple comparison, while a Kruskall-Wallis test with Dunns multiple 

comparison was used for non-normal data.  

In order to identify whether a significant association exists between two 

categorical variables in a normal dataset (e.g. upregulated / downregulated 

miRNA groups and 5p/3p strand identity) a Fischers exact test was used, while 

a Mann-Whitney U test was used for non-normal data. 
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Chapter 3 

The role of YAP in the 

regulation of miR-155 

expression. 
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3.1.0 – Introduction, hypothesis and objectives 

The acute inflammatory cascade is a complex multi-step process with each 

component undergoing strict regulation to ensure appropriate timing and 

magnitude of the response 1. Mis-regulation of inflammation can lead to 

chronic inflammatory and autoimmune disorders such as rheumatoid arthritis 

and ulcerative colitis 2,3. Central to this regulation is the appropriate function 

of macrophage cells which, in addition to their capacity for direct pathogen 

removal, act to fine-tune the local inflammatory microenvironment through 

the release of pro- and anti-inflammatory cytokines, chemokines and  other 

secreted factors 517.  

miRNA-155 has been found to play a vital pro-inflammatory role within the 

macrophage inflammatory response to infection. Induced ~2 hours after 

stimulation of the TLR4 pathway via LPS treatment, this miRNA directly 

inhibits the anti-inflammatory regulators SHIP1, SOCS1 and Bcl6 as well as 

promoting the activity of the key pro-inflammatory cytokine TNF 202–207,518,519. 

The early induction of miR-155 alongside its association with multiple 

malignancies and disorders makes it a key subject of study regarding early 

macrophage inflammatory dynamics and potential therapeutics. 

Piccinini and Zordan have identified and further validated the role of the 

extracellular matrix (ECM) glycoprotein tenascin-C (TN-C) in the regulation of 

miR-155 in murine macrophages 289,511. More widely, TN-C is transiently 

induced upon tissue injury and infection, acting upon TLR4, α9β1 and αvβ3 

integrins to activate the innate immune response 32,520,521. As such, prolonged 
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TN-C expression is associated with chronic inflammatory disorders such as 

rheumatoid arthritis and ulcerative colitis 286,522. 

Reduction of TN-C expression in macrophages is shown to elicit a decrease in 

pre-miR-155 and mature miR-155 levels, without a change occurring to the 

pri-miR-155 transcript 289,511. Additionally, only ECM-bound TN-C leads to this 

response and blockade of the TLR4 pathway fails to inhibit this activity. 

Therefore this represents a biological mechanism involving TN-Cs mediation 

of miR-155 expression in a post-transcriptional manner. 

Yes-associated protein (YAP) is a primary candidate for regulating miRNA 

biogenesis events as a result of TN-C signalling. TN-C has been shown to elicit 

YAP inactivating phosphorylation events within multiple cellular contexts 

including osteosarcoma and endothelial cells through TN-C induced 

destabilisation of the actin cytoskeleton 311,411,412. YAP in turn has been shown 

to act as a regulator of miRNA biogenesis, localising to the nucleus and 

sequestering p38 when activated, leading to a reduction in global miRNA 

processing 92. This, coupled with the emerging role of YAP within the pro-

inflammatory macrophage, presents a compelling post-transcriptional 

mechanism whereby TN-C may regulate miR-155 biogenesis. 

In this project we aimed to validate the regulation of miR-155 by TN-C within 

RAW 246.7 macrophage cells. This cell line was then utilised in examining the 

potential role of (YAP) within the TN-C-miR-155 pathway. 
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3.1.1 – Hypothesis 

Tenascin-C directly regulates YAP via depolymerisation of the actin 

cytoskeleton, this facilitating changes to the microprocessor complex which 

results in the heightened expression of miR-155 (Figure 1.9.1). 

3.1.2 – Objectives 

To assess the role of the candidate protein yes-associated protein (YAP) in the 

regulation of miR-155 expression by tenascin-C. This will be achieved by: 

a) Examining YAP expression within murine macrophage cell lines, as 

well as its relationship to TN-C, using quantitative PCR (qPCR) and 

western blot;    

b) Identifying additional murine cell lines which show TN-C to regulate 

miR-155, this facilitating YAP loss-of-function analysis through siRNA 

mediated knockdown; 

c) Establishing an ectopic model of YAP expression within RAW 246.7 

cells, using nucleofection of a YAP overexpression plasmid, and 

examining the effect of this expression upon miR-155 biogenesis; 

d) Interrogating the role of the actin cytoskeleton in miR-155s 

regulation of TN-C by examining the effect of actin-modulating 

molecules and biological factors on miR-155 expression. 
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Results - 

3.2.0 – Analysis of miR-155 regulation by tenascin-C in 

RAW 246.7 macrophages. 

3.2.1 – TNC knockdown in RAW 246.7 macrophages. 

Previous analysis by Zordan into the regulation of miR-155 by TN-C was 

primarily conducted using bone marrow derived macrophages (BMDMs) from 

tnc +/+ and tnc -/- mice 511. The utilisation of primary cells from a knockout 

mouse model allowed complete ablation of TNC expression as well as more 

close modelling of in vivo murine macrophages biology compared to 

immortalised cell lines. However, in order to facilitate future transfection-

based experiments, which are lethal to BMDMs, the regulation of miR-155 by 

TN-C in the RAW 246.7 immortalised murine macrophage-like cell line was 

examined 523.  

Before future experimentation the knockdown of TNC by short-interfering 

RNA (siRNA) was optimised and validated (Figure 3.1.1a/b).  

qPCR was used to examine TNC mRNA expression in RAW 246.7 macrophages 

incubated with 10nM TNC siRNA or a non-targeting control (Figure 3.1.1a). 

Total RNA was extracted 48h after transfection, with cells stimulated with LPS 

for the last 24h. This was due to evidence from Zordan, showing that TN-C 

was undetectable by western blot in the supernatants of unstimulated RAW 

246.7 macrophages, with 24h LPS substantially increasing detection 511.  
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A single transfection and double transfection method were performed, with 

the latter utilising two transfections of 10nM siRNA 24h apart (Figure 3.1.1a). 

This showed no impact on TNC knockdown efficiency, with single and double 

transfections showing 83% and 71% knockdown, respectively. As a result, all 

future experiments utilise a single dose of 10nM TNC siRNA.  

Successful reduction of TN-C protein expression via siTNC treatment was 

validated using western blot of cell lysates (Figure 3.1.1b). A reduction in TN-C 

is evident with 4h LPS treatment, however as suggested previously by Zordan 

non-stimulated macrophages show too low expression to be detected by 

western blot 511. Attempts were made to detect TN-C protein within the cell 

supernatant, as TN-C must be secreted in order to incorporate into the ECM, 

form cell surface complexes or act in its capacity as a soluble signal molecule, 

however these attempts were unsuccessful. 

In order to determine whether TNC knockdown in RAW 246.7 cells lead to a 

reduction in miR-155 expression similar to that seen in tnc -/- BMDMs, 

knockdown of TNC in RAW 246.7 macrophages was conducted alongside 

stimulation with LPS for 0, 2, 4, 8 or 24h and analysed by qPCR (Figure 3.1.1c). 
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Figure 3.1.1: Tenascin-C knockdown in RAW246.7 macrophages does not significantly 

impact miR-155 expression following LPS treatment. RAW 246.7 macrophages were 

transfected with 10nM non-targeting siRNA control or TNC siRNA using lipofectamine 

RNAiMAX. a) Transfection was performed either 48h before RNA extraction (single 

transfection) or 48h and 24h before RNA extraction (double transfection). b/c) Transfection 

was performed 48h before treatment with 100ng/mL LPS for the durations indicated followed 

by protein or RNA extraction. a) Expression levels of TNC mRNA were quantified by qPCR 

using HPRT1 as an endogenous housekeeping gene. Relative expression of TNC mRNA was 

determined via the ΔΔCt method with siCTRL as the calibrator. Data derived from a single 
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experiment, technical replicates = 3, mean fold change presented with error bars depicting 

±SD. Percentage reduction in fold change is stated. b) Western blot was used to measure TN-

C abundance. α-tubulin was used as a loading control. These are not the same samples as 

used in c. c) Mature miR-155 was quantified by qPCR using U6 snRNA as an endogenous 

housekeeping gene. Relative expression of miR-155 was determined via the ΔΔCt method 

with untreated non-transfected RAW 264.7 as the calibrator. ± SEM; n≥3; two-way Anova 

with Tukey’s multiple comparison test (p>0.05). 

MiR-155 expression in cells incubated with siCTRL and siTNC was found to be 

equivalent in 0, 2, 4, 8 and 24h LPS stimulated samples with no significant 

difference occurring. Interestingly, previous investigation found a significant 

decline in miR-155 in tnc -/- BMDMs 4h, 8h and 24h after LPS treatment 289,511. 

3.2.2 – Examination of miR-155 post-transcriptional regulation at the 

microprocessor. 

Previous work by Zordan identified, via northern blot and qPCR, that tnc -/- 

BMDMs show a reduction in pre-miR-155 expression but no change to pri-

miR-155 expression or splicing compared to wild-type 511. Thus, it was 

hypothesized that TN-C may be regulating miR-155 processing at the 

microprocessor, the protein complex responsible for binding and cleaving pri-

miRNA into pre-miRNA. Following this hypothesis, RNA-immunoprecipitation 

(RIP) of the core microprocessor component Drosha was conducted to 

determine whether TN-C knockdown influences the physical association of 

pri-miR-155 to the complex (Figure 3.1.2).  

RAW 246.7 macrophages were transfected with TNC (siTNC) or scramble 

control siRNA followed by treatment for 2 hours with LPS before 

immunoprecipitation using Drosha antibody or IgG control. In parallel to the 
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RIP analysis, qPCR was also performed upon total RNA from each condition in 

order to validate TNC knockdown (Figure 3.1.2a). Notably, an exceedingly low 

average knockdown of TNC (-5.0%) was identified, with two out of four 

biological replicates showing no reduction in TNC expression, while the others 

showed only a marginal knockdown (~-35%). 

 

Figure 3.1.2: Tenascin-C knockdown potentially reduces the association of pri-miRNA-155 

with Drosha in RAW246.7 macrophages. RAW 246.7 macrophages were transfected with 

10nM non-targeting control or TNC siRNA using lipofectamine RNAiMAX and stimulated with 

100ng/mL LPS for 2 hours, before immunoprecipitation with anti-Drosha antibody or IgG 

control. a) Expression levels of TNC mRNA were quantified by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression of TNC mRNA was determined via the 

ΔΔCt method with siCTRL as the calibrator. ± SEM; n=4. b) Diagram of pri-miR-155 primer 
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binding site. c) Total pri-miR-155 enrichment was analysed by qPCR and presented as mean 

fold enrichment relative to IgG control, ± SEM; n=4. d) pri-miR-155 percentage in comparison 

to input was analysed by qPCR and presented as mean % of input using normalised RIP ΔCt , ± 

SEM; n=4. Two-way Anova with Sidak’s post-hoc test. Shape of datapoints is used to 

differentiate between each biological replicate. 

qPCR was used to analyse RNA purified from these immunocomplexes, with 

pri-miR-155 interaction with Drosha quantified as described by Gagliardi and 

Matarazzo 513. To account for variability between samples, IP values were 

normalised to the 10% input sample. Relative quantification was then utilised, 

with total pri-miR-155 reported as fold enrichment, with Drosha fractions 

normalised to the negative control, (Figure 3.1.2c) or percentage of input 

(Figure 3.1.2d).  

Irrespective of the poor TNC knockdown, a clear trend is evident in the RIP 

data using both normalisation methods, showing reduced pri-miR-155 in the 

Drosha RIP fraction of macrophages incubated with siTNC compared to those 

incubated with siCTRL. Although non-significant, this could indicate that TN-C 

promotes a more stable interaction between pri-miR-155 and Drosha. 

Comparison between TNC knockdown effectiveness and the degree of pri-

miR-155-Drosha association within each biological repeat fails to identify any 

correlation (Figure 3.1.2). For instance, RIP 1 (black circle) and RIP 3 (black 

square) show opposite impacts of TNC siRNA treatment, the prior showing a 

48% increase in TNC expression while the later shows a 46% decrease in 

expression. However, both samples show a similar negative impact of siTNC 

treatment on pri-miR-155-Drosha association with both analysis methods.  
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These results illustrate the variability of the RIP process, with more repeats 

being necessary to reveal the true impact of TNC KO on pri-miR-155 

processing.   

The potential regulation of pri-miR-155 at the microprocessor directs 

investigation towards RNA-binding proteins and potential upstream pathways 

whereby TN-C may influence the microprocessors binding capabilities.  

A primary candidate in this regard is yes-associated protein (YAP), with active 

YAP within human keratinocytes being shown to bind and sequester the 

microprocessor accessory protein DDX17 leading to reduced pri-miRNA 

processing 92. In turn YAP activity within endothelial and osteosarcoma cells 

has been shown to be regulated by TN-C via the integrin-mediated 

depolymerisation of the actin cytoskeleton which leads to YAP inactivation 

311,411,412. As such the relationship between TN-C, the actin cytoskeleton and 

miR-155 within the macrophage was next examined, acting as a critical link 

between TN-C and its potential regulation of YAP. 

3.3.0 – The role of the actin cytoskeleton in tenascin-Cs 

regulation of miR-155. 

3.3.1 – The impact of TNC knockdown on the actin cytoskeleton of RAW 

246.7 macrophages. 

Sun et al., 2018 identified in osteosarcoma KRIB cells that, via a joint action of 

activating integrin α9β1 and inhibiting interactions between integrin α5β1 and 

syndecan-4, TN-C causes a reduction in actin stress fibre formation 311. This is 
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further linked to phosphorylation of YAP and the resultant inhibition of its 

nuclear localisation and primary effector functions, including potential 

regulation of the microprocessor complex via DDX17 sequestration 92. 

However, the effect of TN-C on the actin cytoskeleton has not been confirmed 

or characterised within the RAW 246.7 macrophage. 

Thus, phalloidin staining and confocal microscopy was performed upon 

transfection of RAW 246.7 macrophages with siCTRL and siTNC in order to 

determine whether knockdown of TNC impacts actin formation. In addition, 

cells were unstimulated or stimulated with LPS for 1h in order to ascertain 

whether inflammatory induction modifies the effect of TNC on the actin 

cytoskeleton (Figure 3.2.1). 

Within resting RAW 246.7 macrophages incubated with siCTRL F-actin 

filaments are heavily compacted within the cell cortex, a region along the 

internal surface of the plasma membrane, with filaments becoming more 

diffuse towards the cells centre (Figure 3.2.1a).  The distribution of the cortical 

cytoskeleton is relatively even, with microspikes / filopodia visible anchoring 

the macrophage to the substratum, while adherens junctions connect 

neighbouring cells (Figure 3.2.1a). Comparably macrophages stimulated with 

LPS for 1h show a disrupted cortical cytoskeleton and less rounded cellular 

appearance, evidence of the beginnings of cell spreading which characterise 

later macrophage induction timepoints, as lamellopodia and more numerous 

microspikes / filopodia take shape (Figure 3.2.1.a) 356.   
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Figure 3.2.1: TN-C knockdown promotes actin polymerisation and increased cell size in LPS 

treated RAW246.7 macrophages. RAW 246.7 macrophages were transfected with 10nM non-

targeting control or TNC siRNA using lipofectamine RNAiMAX and stimulated with 100ng/mL 

LPS for 1h before fixation. a) Immunofluorescence staining of samples using phalloidin-488 

(green) and DRAQ5 (purple). Images visualised with Zeiss LSM-510 Confocal System, using an 

EX-Plan-Nuofluar 40X/1.30 Oil DIC objective. Scale bar, 20µm. b) Mean total cell actin 

intensity. c) Mean actin intensity distribution. All analysis performed using CellProfiler. All 

analysis performed using all available technical replicates from two biological replicates 

(siCTRL+NT n=180; siCTRL+1h LPS n=93; siTNC+NT n=272; siTNC+1h LPS n=156). Two-way 

Anova with Tukey’s multiple comparison test, p<0.0001****. 
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Compared to control, resting RAW 246.7 macrophages incubated with siTNC 

show a marked reduction in F-actin localised to the cell cortex, increased 

phalloidin staining within the cytoplasmic space, as well as a reduced 

occurrence of microspikes / filopodia formations (Figure 3.2.1a). 1h LPS 

stimulated macrophages incubated with siTNC maintain the reduced cortical 

cytoskeletal staining seen in resting TNC knockdown cells. However, they also 

feature abundant microspikes/filopodia at regions of high cortical 

cytoskeleton density alongside lamellopodia formed of organismed 

cytoplasmic F-actin bundles, all indicative of an enhanced spreading 

phenotype (Figure 3.2.1a).  

In order to better understand the changes to the actin cytoskeleton, 

fluorescence distribution analysis was performed using CellProfiler. Notedly, 

this analysis was conducted upon all cells available within the two biological 

replicates. 

Examination of mean total cell fluorescence shows a significant increase in 

total cellular actin intensity in LPS stimulated cells treated with siTNC 

compared to those treated with siCTRL (Figure 3.2.1b). However, no such 

increase is seen in non-LPS stimulated cells.   

Fluorescence distribution analysis further identified the primary region of 

increased actin intensity in LPS stimulated cells treated with siTNC to be 

within the perinuclear space (Figure 3.2.1c). Additionally, cortical actin 

intensity is shown to be higher in LPS stimulated cells treated with siTNC than 

those treated with siCTRL. 
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Overall, increased whole cell phalloidin intensity is an indicator of enhanced 

actin polymerisation in LPS treated TNC knockdown cells, providing evidence 

in support of TN-C causing actin depolymerisation in RAW 246.7 

macrophages. However, further biological replicates are necessary to prove a 

robust relationship between TNC and the actin cytoskeleton within these 

cells, with culturing upon 3D matrices providing a more biologically relevant 

environment to analyse the relationship between TNC and macrophage 

morphology. 

3.3.2 – Establishing potential links between actin cytoskeleton 

modulation and miR-155 expression. 

The establishment of the role of TN-C as an enhancer of actin polymerisation 

in the RAW 246.7 macrophage provides a potential route for TN-C to 

modulate intracellular activity from the ECM, including the potential changes 

to miRNA biogenesis occurring at the microprocessor. As such, the links 

between the actin cytoskeleton and regulation of miR-155 expression were 

next examined. 

Latrunculin B (Lat B), Jasplakinolide (Jasp) and Lysophosphatidic acid (LPA) are 

three actin modulating compounds used to artificially promote different actin 

cytoskeletal formations (Figure 3.2.2) 524–526. Lat B binds to actin monomers 

(G-actin), sequestering them and preventing formation of filamentous actin 

(F-actin). Meanwhile, Jasp binds G-actin trimers, promoting polymerisation 

into F-actin, in doing so depleting polymerisation competent G-actin required 

to maintain stress fibre formation. Finally, LPA is an extracellular signal 
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molecule which acts as a ligand for multiple G protein-coupled receptors 

(GPCRs), including LPA1/2/4/5/6 which activates Gα12/13, promoting stress-fibre 

formation via stimulation of the Rho-Rock cascade 527.  

Figure 3.2.2: A schematic depiction of cytoskeletal regulation caused by actin modulators 

and tenascin-C. The impact of Latrunculin B (LatB), Lysophosphatidic acid (LPA) and 

Jasplakinolide (Jasp) on the actin cytoskeleton are depicted alongside that of TN-C. Actin 

monomers are depicted as red circles. 

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 

assay was performed to gauge the correct dosage of actin modulators in order 

to not adversely affect RAW 246.7 macrophage viability (Figure 3.2.3). Cells 

were treated with modulators for 2h before the assay was performed. 
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Figure 3.2.3: Actin modulator toxicity analysis. MTT assay of RAW246.7 macrophages after 

treatment with varying dosages of Latrunculin B (a), Jasplakinolide (a) or Lysophosphatidic 

acid (LPA) (b) for 2h. Depicted is % cell viability relative to DMSO control. ± SEM; n=3. 

This analysis showed 500nM of Lat B and Jasp and 10ⴗg of LPA to have no 

negative impact on cell viability (Figure 3.2.3a/b).  

To ensure that these modulators at these dosages elicit the expected changes 

to the actin cytoskeleton of RAW 246.7 macrophages, immunofluorescence 

analysis was performed (Figure 3.2.4). F-actin formation was assessed via 

phalloidin staining, this however being incompatible with Jasp treatment as 

both phalloidin and Jasp bind to the same actin epitope.  
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Lat B treatment completely blocked phalloidin staining, corresponding to its F-

actin depolymerising activity. Interestingly, neither 10ⴗg nor 20ⴗg of LPA 

caused visibly enhanced phalloidin fluorescence. This potentially being due to 

already maximised stress-fibre formation in the non-treated RAW 246.7 

macrophage.  

 

Figure 3.2.4: Validation of the effect of LPA and LatB on the actin cytoskeleton of RAW246.7 

macrophages. Immunofluorescence staining of RAW246.7 macrophages treated with 10ⴗg or 

20ⴗg LPA, or 500nM latrunculin B. Actin visualised using phalloidin-488 (green) and the 

nucleus with Dapi (blue). Images visualised with 20x objective. Representative image of one 

experiment. 

We next aimed to assess whether the enhanced polymerisation of the actin 

cytoskeleton may lead to miR-155 downregulation. To do so, actin 
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polymerisation was inhibited or enhanced using Lat B or LPA treatment, 

respectively, alongside 24h LPS stimulation (Figure 3.2.5).  

No significant change in miR-155 expression was apparent with Lat B, LPA or 

treatment with both modulators.  

 

 

 

 

 

 

 

 

Figure 3.2.5: Modulation of actin polymerization by LatB and LPA has no impact on mature 

miR-155 expression. RAW 246.7 macrophages were treated with 500nM Latrunculin B and/or 

10ⴗg LPA for 2 hours before 24-hour LPS treatment and subsequent RNA extraction. Mature 

miR-155 was quantified by qPCR using U6 snRNA as an endogenous housekeeping gene. 

Relative expression of miR-155 was determined via the ΔΔCt method with no treatment RAW 

264.7 as the calibrator. ± SEM; n=4; Kruskal-Wallis test with Dunn’s Multiple Comparison. 

This lack of change in miR-155 expression with actin modulation conforms to 

our previous result showing no significant change in miR-155 expression in 

RAW 246.1 macrophages incubated with siTNC (Fig 3.1.1). Additionally, each 

modulator has off target effects which could mask changes to miR-155 

expression. For instance, LPA also stimulates the RAS-ERK1/2 pathway and 

MKP1, both linked to anti-inflammatory induction and masking the potential 
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effects caused by actin polymerisation 528. Lat B treatment stimulates the 

release of reactive oxygen species (ROS) with these incurring both pro and 

anti-inflammatory effects 529.  

Overall, this further illustrates the difficulties in defining how the actin 

cytoskeleton may link TNC and miR-155 expression within the macrophage. 

The impacts of actin cytoskeletal rearrangement caused by the actin 

modulators affect numerous aspects of cell activity introducing many 

unknowns to our investigation. For example, we have shown that cytoskeletal 

modulation through Lat B and Jasp seems to reduce TNC expression, with no 

reduction in mature miR-155 expression as a result of this (Figure 3.2.6a). 

Most importantly these unknowns are further compounded by the lack of 

regulation of miR-155 shown by TNC knockdown. However, the modulation of 

the actin cytoskeleton by TNC demonstrated may provide valuable insight into 

future examination of the relationship between TNC, the actin cytoskeleton, 

and miR-155 in BMDM cells. 

3.3.0 – Examination of YAP and miR-155 in the RAW 246.7 

macrophage. 

3.3.1 – Detection of YAP in macrophages. 

With examination of the role of the actin cytoskeleton in the regulation of 

miR-155 by TN-C proving inconclusive, the hypothesised downstream effector 

of the actin cytoskeleton, YAP, was next examined.  
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The candidacy of YAP as a transducer of the TN-C signal to the microprocessor 

is based upon the following evidence. Firstly, Sun et al., 2018 found in 

osteosarcoma cells that actin depolymerisation by TN-C leads to an increase in 

YAP phosphorylation and its resultant sequestration within the cytoplasm, 

away from its nuclear effector function 311. Additionally, chondrocyte cells 

plated on TN-C coated dishes are reported to show increased YAP 

phosphorylation, with induced actin cytoskeleton polymerisation by LPA 

treatment reducing this effect 412. However, He et al., 2019 describes the de-

phosphorylation and subsequent activation of YAP through TN-C interacting 

with integrin α5β1 and the stimulation of the Src pathway in Ewing sarcoma 

414. This highlights the potential tissue specificity of the TN-C – YAP pathway 

which has yet to be explored in macrophages. 

Aside from its function as a transcriptional co-factor, unphosphorylated YAP 

has been shown to regulate miRNA biogenesis through binding and 

sequestration of DDX17 within the nucleus 92. DDX17 is a microprocessor co-

factor which promotes accurate cleavage of specific pri-miRNAs, thus YAP 

nuclear localisation can lead to reduced pri-miRNA processing. Notably, miR-

155 was not identified within the pool of regulated miRNAs within this study, 

however as experimentation were performed on immortalised keratinocytes 

it is expected that the inflammatory miR-155 would show low expression. 

Based upon this evidence, gain and loss of function experimentation was 

imperative to ascertain whether there could be a functional link between TN-

C, YAP and miRNA regulation in macrophages.  
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 YAP mRNA abundance in multiple murine macrophage cell lines was 

measured by qPCR, alongside a range of LPS stimulation durations (Figure 

3.3.1a). These cell lines included primary and immortalised BMDMs and RAW 

246.7 macrophages with either 0.5 ⴗg or 2.0 ⴗg of RNA inputted into the 

reverse transcription reaction. All cell lines exhibited low YAP expression, with 

CT values >~30, with a trend visible of increased LPS incubation further 

reducing expression.  

 

Figure 3.3.1: YAP expression in RAW246.7, BMDM and iBMDM macrophages. a) RAW246.7 

macrophages and primary or immortalised bone-marrow derived macrophages were treated 

with 100ng/mL of LPS for the time indicated before RNA extraction. Expression levels of YAP1 

mRNA were quantified by qPCR using cDNA synthesized from 2 ⴗg or 0.5 ⴗg total RNA. Data 

represents CT values of three technical replicates, ± SD. b) RAW 246.7 macrophages were 

transfected with 10nM non-targeting control or YAP1 siRNA using lipofectamine RNAiMAX. 

Expression levels of YAP1 mRNA in were quantified by qPCR using three different qPCR 

methods. Data represents CT values of 2-3 technical replicates, ± SD. 

In an attempt to improve YAP detection via qPCR, three sample preparation 

and detection techniques were compared using RAW 246.7 RNA extracts 
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(Figure 3.3.1b). Taqman qPCR probes, locked-nucleic acid primers (lnRNA) and 

custom oligonucleotide primers all showed the same degree of YAP detection. 

Moreover, treatment with YAP siRNA did not show a decline in YAP expression 

utilising any of these methods. 

Published research into YAP expression in monocyte/macrophage cell lines 

shows little evidence for YAP detection via qPCR, with the lack of reported CT 

values or qPCR data in general supporting our findings of low YAP mRNA 

detection 393,399,404. However, substantial literature evidence exists for YAP 

detection at the protein level by western blot within these cell lines, 

provoking our own analysis by this method (Figure 3.3.2). 

 

Figure 3.3.2: Attempted siYAP treatment of iBMDMs and RAW246.7 macrophages. 

Expression levels of YAP1 were analysed by Western blot using MCF-7 lysate as a positive 

control. a) RAW 246.7 macrophages were lysed using 1x Laemmli Buffer or Modified RIPA 
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Buffer with their YAP1 banding compared. b) RAW 264.7 macrophages and immortalised 

BMDMs were transfected with 10nM non-targeting control or YAP1 siRNA using lipofectamine 

RNAiMAX before protein extraction using Modified RIPA Buffer. α-tubulin was used as a 

loading control. Representative images from a single experiment. 

Western blotting was performed using RAW 246.7 macrophage cells lysed 

using Laemmli or modified RIPA buffer in order to identify whether the 

gentler lysis provided by the latter would improve YAP detection (Figure 

3.3.2a). Distinct banding was not identified using either buffer at the 

corresponding molecular weight. However, a faint degree of banding using 

the modified RIPA buffer prompted follow-up analysis using YAP knockdown 

to determine these bands validity. 

siRNA knockdown of YAP was conducted on RAW 246.7 macrophages and 

immortalised BMDMs which were lysed using modified RIPA buffer (Figure 

3.3.2b). Neither cell line showed banding corresponding to YAP, with faint, 

most likely non-specific, bands being unaffected by the siYAP treatment.  
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With YAP proving largely undetectable in iBMDMs and RAW 246.7 cells, the 

expression of YAP in tnc -/- and tnc +/+ BMDMs was investigated via qPCR, as 

BMDMs are frequently reported to express YAP in the literature and showed 

the highest expression in our previous analysis (Figure 3.3.3). 

Figure 3.3.3: YAP expression in TNC KO BMDMs. WT and TNC KO BMDMs were treated with 

10ng/mL of LPS for the durations indicated, before RNA extraction. Expression levels of YAP1 

mRNA were quantified by qPCR using HPRT1 as an endogenous housekeeping gene. Relative 

expression of YAP1 mRNA was determined via the ΔΔCt method with 0h LPS TNC -/- as the 

calibrator. ± SEM; n≤4; two-way anova with Sidak’s multiple comparison. 

Neither TNC knockout nor LPS induction was found to have a significant 

impact on YAP expression in the BMDM. YAP expression does appear to be 

potentially induced by LPS treatment, however the large variability in results 

confounds this effect, likely due to the expression level of YAP being close to 

or out of the detection range of the qPCR assay. 

With the expression of YAP within RAW 246.7 cell found to be undetectable, 

methods of inducing YAP expression via modifying cellular confluency 
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(Supplementary Section 8.1.0) were explored. Additionally alternate cell lines 

showing functionality of a TNC-YAP-miR-155 axis were examined 

(Supplementary Section 8.2.0). 

3.4.2 – Examining potential links between YAP, TNC and miR-155 in 

E0771 cells. 

Following the failure of RAW 246.7 cells to model the potential connection 

between TNC, YAP and miR-155, this proposed mechanism was next 

examined in EO771 cells. These cells showing robust expression of both miR-

155 and YAP (Supplementary Figure 8.2.3). 

qPCR was utilised to examine the efficiency of YAP knockdown and the impact 

on miR-155 expression upon siYAP treatment (Figure 3.4.2).  

 

Figure 3.4.2: YAP knockdown in unstimulated E0771 cells leads to a significant upregulation 

in miR-155 expression. E0771 cells were transfected with 10nM non-targeting control or 

YAP1 siRNA using lipofectamine RNAiMAX, before RNA extraction. a) Expression of YAP1 

mRNA in E0771 cells were quantified by qPCR using HPRT1 as an endogenous housekeeping 

gene. Relative expression of YAP1 mRNA was determined via the ΔΔCt method with siCTRL as 

the calibrator. ± SEM; n=2. Percentage reduction in fold change is stated. b) Mature miR-155 
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was quantified by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative 

expression of miR-155 was determined via the ΔΔCt method with siCTRL as the calibrator. ± 

SEM; n=3; independent t-test (p=<0.005**). 

A ~86% decline in YAP mRNA expression due to incubation with siYAP led to a 

significant induction in miR-155 expression compared to samples of cells 

incubated with siCTRL (Figure 3.4.2a/b). However, although significant, it is 

unlikely whether the small 1.12 fold induction in miR-155 expression would 

cause a biological impact. Thus, induction of miR-155 expression in EO771 

cells was attempted in order to determine whether YAP knockdown’s 

upregulatory effect on miR-155 would be increased with heightened miR-155 

expression. 

siTNC and siYAP transfection was performed in EO771 cells alongside 

stimulation with 20ng/mL TNF for 24h. Knockdown efficiency and resultant 

miR-155 expression were determined by qPCR (Figure 3.5.4).  

siTNC treatment and siTNC + siYAP dual knockdown incurred a ~60% 

reduction in TNC mRNA expression compared to control. However, siYAP and 

dual knockdown treatment showed a limited impact on YAP mRNA 

expression, ~40% and ~10%, respectively (Figure 3.5.8a).  

siTNC and siYAP knockdown had no significant impact on miR-155 expression 

in TNF treated EO771 cells compared to control (Figure 3.5.8b). This 

potentially being due to poor YAP knockdown reducing the impact on miR-155 

expression. 
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Figure 3.4.4: siTNC and siYAP treatment of TNF stimulated E0771 cells has no impact on 

miR-155 expression. E0771 cells were transfected with 10nM non-targeting control, YAP1 

and/or TNC siRNA using lipofectamine RNAiMAX, before treatment with 20ng/mL TNF for 24 

hours followed by RNA extraction. a) YAP1 and TNC mRNA in E0771 cells were quantified by 

qPCR using HPRT1 as an endogenous housekeeping gene. Relative expression of mRNA was 

determined via the ΔΔCt method with siCTRL as the calibrator. ± SEM; n≥2. b) Mature miR-

155 was quantified by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative 

expression of miR-155 was determined via the ΔΔCt method with siCTRL as the calibrator. ± 

SEM; n=3; two-way anova with Tukey’s multiple comparison. 

The lack of significant miR-155 modulation through knockdown of TNC in 

EO771, NIH-3T3 and RAW 246.7 cells highlights the specificity of the 

macrophage BMDM TNC-miR-155 axis, thus placing the potential 

downregulation of miR-155 by YAP in EO771 a different cellular context to the 

previously described TNC-miR-155 interaction in BMDMs.  

In parallel to this analysis, the role of YAP within the macrophage TNC-miR-

155 pathway was examined using a gain-of-function, RAW 246.7 macrophage 

YAP ectopic model.  
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3.4.0 – Using YAP overexpression to examine the YAP-miR-

155 relationship in the RAW 246.7 macrophage. 

3.4.1 – The impact of overexpressing YAP on miR-155 expression in the 

RAW 246.7 macrophage. 

In order to examine the impact of YAP on miR-155 expression in macrophage 

cells, the only cell type where the regulation of miR-155 by TN-C is 

established, gain-of-function analysis was necessary. This is due to the 

characteristic low expression of YAP in RAW 246.7. Thus, through expressing 

YAP in RAW 246.7 macrophages to levels above those found natively we 

attempted to validate a relationship between YAP and miR-155. 

Gain-of-function analysis was performed via nucleofection of a pcDNA3.1 

plasmid vector containing a YAP1 insert (YAP OE) produced by Genscript 

(Figure 3.4.1). This is an electroporation-based technique which transfers the 

DNA directly into the RAW 246.7 cell nucleus and cytoplasm. Nucleofection of 

an empty pcDNA3.1 vector (Vector) was used as a control. 
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Figure 3.4.1: Schematic of YAP overexpression workflow. Depicted are the steps of the YAP 

overexpression workflow alongside the features of the empty vector and YAP overexpression 

plasmids important to YAP expression. 

Nucleofection efficiency was assessed via transfection of a pmaxGFP plasmid 

into RAW 246.7 macrophages with GFP fluorescence detected 24h or 48h 

post-transfection (Figure 3.4.2a). ~41% and ~26% of cells were successfully 

transfected at 24h and 48h respectively. 
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Figure 3.4.2: YAP overexpression validation. a) RAW 246.7 macrophages were transfection 

with 2 ⴗg pmaxGFP plasmid control using the SF Cell Line 4D-Nucleofector X Kit and 

associated cell line specific protocol. The cultures were imaged 24 and 48 hours post-

transfection using a fluorescence microscope. b) RAW 246.7 macrophages were transfection 

with 2 ⴗg pcDNA3.1 (empty vector) or pcDNA3.1+YAP1-FLAG (YAP OE) plasmids. Protein was 

extracted 48h post-transfection using either modified RIPA buffer (R) or 1x Laemlli buffer (L). 

YAP1 expression was analysed by western blot with MCF-7 as a positive control and α-tubulin 
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as a loading control. c) RAW 246.7 macrophages were transfected with 2 ⴗg of plasmids as in 

(b) alongside stimulation with 100ng/mL LPS for the duration depicted, before RNA 

extraction. YAP1 mRNA expression was quantified by qPCR using HPRT1 as an endogenous 

housekeeping gene. Relative expression of mRNA was determined via the ΔΔCt method with 

0h LPS non-transfected as the calibrator. ± SEM; n=2. 

Transfection of the YAP OE plasmid was validated via detection of YAP 

through western blot and qPCR analyses (Figure 3.4.2b/c). Both detection 

methods show significant upregulation in YAP expression in YAP OE 

transfected cells compared to those containing the empty vector. qPCR 

analysis shows no discernible difference in YAP expression in YAP OE 

transfected cells with 0, 4, 8 or 24h LPS treatment (Figure 3.4.2c). 

With YAP overexpression successfully validated, the nucleofection procedure 

was further optimised. This involved identifying the appropriate plasmid 

dosage in order to maximise YAP overexpression while also minimising 

unwanted background inflammatory activation (Figure 3.4.2).  
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Figure 3.4.3: YAP overexpression optimisation. RAW 246.7 macrophages were transfected 

with 2.0, 1.0, 0.5 or 0.2 ⴗg pcDNA3.1 (empty vector) or pcDNA3.1+YAP1-FLAG (YAP OE) 

plasmids followed by no-treatment or 24h stimulation with 100ng/mL LPS. RNA was extracted 

48h post-transfection. a) YAP1 mRNA expression was quantified by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression of mRNA was determined via the ΔΔCt 

method with 0h LPS non-transfected as the calibrator. Data derived from three technical 

replicates, with error bars depicting upper/lower bounds. b) Mature miR-155 was quantified 

by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative expression of miR-

155 was determined via the ΔΔCt method with 0h LPS non-transfected as the calibrator. ± 

SEM; n≤2. 

RAW 246.7 macrophages were transfected with 2.0, 1.0, 0.5 or 0.2 ⴗg of 

either empty vector or YAP OE plasmid followed by non-stimulation or 24h 
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LPS treatment (Figure 3.4.3). Assessment of YAP expression by qPCR identified 

that 2.0, 1.0, and 0.5 ⴗg of YAP OE plasmid led to a similar degree of YAP 

mRNA upregulation, while 0.2 ⴗg of plasmid showed a reduced YAP 

upregulation (Figure 3.4.3a). Interestingly, increased vector dosage also 

showed a small degree of increased YAP mRNA expression, this being 

potentially linked to morphological changes and reduced cell confluency 

visibly apparent as a result of nucleofection. 

At all dosages, YAP OE transfection alongside 24h LPS treatment shows 

reduced miR-155 expression compared to the matched empty vector sample, 

this difference being minimal without LPS treatment (Figure 3.4.3b). Notably, 

all non-LPS stimulated samples show a baseline increase in miR-155 

expression, this likely being the result of inflammatory induction caused by 

nucleofection of foreign DNA into the macrophage cells 530,531.  

Based on this validation, 0.5 ⴗg and 2 ⴗg of plasmid were utilised in future 

analysis. This being due to these dosages showing maximised YAP expression 

and the same miR-155 expression pattern, while 0.5 ⴗg elicits a greater miR-

155 induction in both plasmid treatments (Figure 3.4.3a/b). 

To evaluate the potential link between YAP and miR-155 in macrophages, 

RAW 246.7 cells were transfected with 0.5 or 2.0 ⴗg of YAP OE plasmid or 

empty vector followed by no-treatment or 24h LPS stimulation. qPCR analysis 

was performed, examining mature miR-155 and pri-miR-155 expression. 

No significant change in miR-155 or pri-miR-155 expression occurred in non-

treated or LPS treated macrophages transfected with 0.5 ⴗg of YAP OE 
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plasmid compared to empty vector controls (Figure 3.4.4a/b). However, 

transfection with 2.0 ⴗg YAP OE plasmid showed a significant decline (68-fold 

± 15) in miR-155 expression in non-LPS treated macrophages compared to the 

vector control (Figure 3.4.4c). A downregulation potentially mirrored in 24h 

LPS treated cells, however the results are not statistically significant. 

The expression of pri-miR-155 in YAP OE macrophages was next assessed, as 

regulation of mature miR-155 not mirrored by pri-miR-155 would infer a post-

transcriptional regulatory event, as seen in TNC knockdown cells. Assessment 

of pri-miR-155 expression finds the transcript to be downregulated in both 

non-treated and 24h LPS treated cells transfected with YAP OE plasmid 

compared to the empty vector controls. 

Figure 3.4.4: YAP overexpression causes a significant reduction in the expression of mature 

and miR-155 primary transcript. RAW 246.7 macrophages were transfection with 0.5 ⴗg (a/b) 

or 2.0 ⴗg (c/d) pcDNA3.1 (empty vector) or pcDNA3.1+YAP1-FLAG (YAP OE) plasmids. RNA 



167 
 

was extracted 48h post-transfection. a/c) Mature miR-155 was quantified by qPCR using U6 

snRNA as an endogenous housekeeping gene. Relative expression of miR-155 was determined 

via the ΔΔCt method with no treatment empty vector as the calibrator. ± SEM; n≥3. b/d) pri-

miR155 expression was quantified by qPCR using HPRT1 as an endogenous housekeeping 

gene. Relative expression was determined via the ΔΔCt method with no treatment empty 

vector as the calibrator. ± SEM; n≥2. two-way anova with Sidak’s multiple comparison test 

(p≤0.05*, p≤0.005***).  

Overall, through ectopic expression of YAP within RAW 246.7 macrophages 

the regulatory impact of YAP upon miR-155 expression has been identified for 

the first time. However, as both mature and pri-miR-155 are negatively 

regulated by ectopic YAP expression this does not conform to the TNC-

dependent post-transcriptional regulation of miR-155 we aimed to 

investigate.  

Nevertheless, further examination of this novel YAP-miR-155 axis may provide 

further insight into systems where these molecules share functional 

similarities such as oncogenesis in breast cancer and pro-inflammatory 

signalling within macrophages 267,404,518,532.  

3.4.2 – Establishing whether NF-kB subunit p65 localisation is affected by 

YAP overexpression.  

I have shown via gain-of-function analysis that overexpressing YAP in the RAW 

246.7 macrophage elicits a marked downregulation in the expression of both 

mature miR-155 and pri-miR-155. This change in both the mature miRNA and 

its primary transcript indicates that YAP potentially regulates miR-155 at the 

transcriptional level. This conflicts with the hypothesised role of YAP in the 
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regulation of miR-155 by TN-C, regulating miR-155 in a post-transcriptional 

manner by targeting co-factors of the miRNA biogenesis pathway. However, 

by elucidating the potential role of YAP in miR-155 transcriptional regulation 

we may gain valuable insight into the role of YAP in macrophages during the 

early inflammatory response as well as specific cancers, such as breast and 

colon, in which YAP and miR-155 expression are both hallmarks 206,532–534.  

YAP is a documented regulator of the NF-kB pathway, with this pathway also 

serving as the primary means by which miR-155 is transcriptionally induced 

during the early inflammatory response in  macrophages 249–251. However, the 

impact of YAP upon NF-kB appears to vary depending on the cellular and 

tissue context. Lv et al., 2018 shows YAP to reduce NF-kB activation via the 

polyubiquitination and degradation of upstream TRAF6, while Deng et al., 

2018 finds YAP overexpression to disrupt interactions between TAK1 and 

IKKa/IkkB, thereby reducing NF-kB activity 396,397. These finding have been 

demonstrated in murine endothelial cells and a model of experimental 

osteoarthritis, respectively.  

Meanwhile, studies within immune cells reveal an inverse relationship 

between YAP and NF-kB. Liu et al., 2020 identifies a pro-inflammatory activity 

of YAP within macrophages, with its interactions with TRAF6 leading to YAP 

stabilisation and nuclear translocation where it promotes pro-inflammatory 

gene expression. This corresponds to another study which shows that YAP 

promotes pro-inflammatory macrophage polarisation 399,404. Similarly, p65 has 

also been found to co-localise with YAP in Jurkat cells, also stabilising and 
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promoting YAP nuclear translocation and promoting an inflammatory 

phenotype 535. 

In order to evaluate whether YAP overexpression is eliciting changes in 

inflammatory NF-kB activity localisation, analysis of the NF-kB subunit, p65, 

was performed in RAW247.6 macrophages. 

RAW 246.7 macrophages underwent nucleofection of YAP OE or empty vector 

plasmids as previously, followed by no treatment or 60 minutes LPS 

stimulation. This early LPS timepoint was selected in order to capture the 

initial p65 influx into the nucleus typical of the early acute TLR4 inflammatory 

response. Nuclear cytoplasmic fractionation was performed upon protein 

lysates preceding western blot (Figure 3.4.5). 

Lamin-AC (nuclear) and α-tubulin (cytoplasmic) loading controls show 

insignificant cross-contamination between the fractions (Figure 3.4.5a). 

Nuclear localisation of p65 occurs in all treatments, with LPS stimulation 

leading to an increase in nuclear p65 in empty vector transfected samples but 

not for those overexpressing YAP. A large quantity of p65 is evident within the 

cytoplasm, however this is likely due to out loading of the entire cytoplasmic 

protein extract, which typically has a greater protein concentration than the 

nuclear extract.  
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Figure 3.4.5: YAP overexpression leads to a potential reduction in nuclear localised p65. 

RAW 246.7 macrophages were transfection with 2.0 ⴗg pcDNA3.1 (empty vector) or 

pcDNA3.1+YAP1-FLAG (YAP OE) plasmids. 48 hours post-transfection cells were left untreated 

or stimulated with 100ng/mL LPS for 1 hour before the protein contents of the nuclear and 

cytoplasmic compartments were fractionated. a) Western blotting was used to determine p65 

expression in the cytoplasm and nuclear compartments. Lamin-AC and α-tubulin were used as 

nuclear and cytoplasmic loading controls respectively. b/c) Densiometric analysis of p65 

detection within the nuclear fractions. P65 band density was normalised using that of lamin-

AC (or α-tubulin in the first repeat where lamin-AC banding was not discernible). b) Depicts 

p65 density as a ratio of the loading control while c) shows this value relative to the p65 band 

density of the vector. ± SEM; n=3. two-way anova with Sidak’s multiple comparison test. 

Densitometric analysis of three independent western blotting experiments 

shows a non-statistically significant decline in nuclear p65 in macrophages 

transfected with the YAP OE plasmid (Figure 3.4.5b). Normalisation of this 
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data to the empty vector control samples shows a significant decline in 

nuclear p65 in LPS stimulated samples compared to non-stimulated, showing 

that the potential reduction in nuclear p65 as a result of YAP overexpression is 

LPS dependent (Figure 3.4.5c). 

Utilising the same experimental protocol, macrophages were instead fixed 

and p65 localisation examined using immunofluorescence (Figure 3.4.6). 

In both plasmid transfected samples, 1h LPS treatment enhances the overall 

intensity of p65 staining, matching the well-documented inflammatory 

induction of NF-kB (Figure 3.4.3a). Quantitative analysis of p65 pixel intensity 

within the nucleus and within the cytoplasm was performed on images from 

three independent experiments. Nuclear and cytoplasmic p65 pixel intensity 

showed a non-significant reduction compared to vector transfected samples 

in both non-stimulated and LPS stimulated cells (Figure 3.7.3b).  

Through gain-of-function analysis we have identified YAP as a negative 

regulator of miR-155 transcription, with YAP overexpression downregulating 

both mature miR-155 and pri-miR-155 expression in RAW 246.7 macrophages. 

However, our attempts to link YAPs potential anti-inflammatory activity to its 

previous documented regulation of NF-kB has shown mixed results. Western 

blot analysis depicts a non-significant, but consistent, decline in nuclear p65 

with YAP OE transfection, this aligning with a reduction in pri-miR-155 

expression. Meanwhile immunofluorescence analysis matches this finding, 

however the apparent decline in p65 fluorescence in the cytoplasm of YAP OE 

cells may be indicative of overexpression induced transcriptional inhibition. 
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Figure 3.4.6: Analysis of YAP overexpression and p65 localisation by immunofluorescence. 

RAW 246.7 macrophages were transfection with 2.0ug pcDNA3.1 (empty vector) or 

pcDNA3.1+YAP1-FLAG (YAP OE) plasmids. 48 hours post-transfection cells were left untreated 

or stimulated with 100ng/mL LPS for 1 hour before fixation. a) p65 localisation was observed 

by immunofluorescence using Dapi (blue) and p65 (red) antibodies. Images were visualised by 

the Zeiss Exciter Wide Field Microscope with 100x objective.  b) Quantitative analysis of p65 

staining intensity was performed using CellProfiler. Cells sampled (n), Vector 0h LPS, n=1768; 

Vector 1h LPS, n=1458; YAP OE 0h LPS, n=1241; YAP OE 1h LPS, n=791.  ± SEM; n=3. two-way 

anova with Sidak’s multiple comparison test (p<0.005). 



173 
 

3.5.0 - Discussion 

 

Figure 3.7.1. Results chapter 1 graphic summary. Red arrows indicate upregulation 

and downregulation respectively. Red crosses indicate pathways found to not be 

involved in the downstream regulation of miR-155. Inhibitory pathways are indicated 

by blunt ended arrows. 

Previous work conducted by Zordan and Piccinini examining the regulation of 

miR-155 expression by TN-C was conducted primarily in bone marrow derived 

macrophages (BMDMs) 289,511. Therefore, the extent to which this interaction 

occurred within RAW 246.7 macrophage-like cells, and their ability to model 

potential in vivo mechanisms, required initial examination. 

TN-C expression was show to not be required for miR-155 induction in RAW 

246.7 macrophages, this contrasting the findings of Zordan and Piccinini’s 

BMDM analysis and previous RAW 246.7 validation. This lack of impact of TN-

C knockdown on miR-155 expression was found at all timepoints, contrasting 
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the consistent impact on miR-155 confirmed in BMDMs via qPCR and 

northern blot 511.  

RAW 246.7 cells represent an intermediate monocyte-macrophage stage of 

macrophage development thus exhibiting broadly similar characteristics to 

the fully differentiated BMDM cell 536–539. Both BMDMs and RAW246.7 cells 

feature relatively equivalent cell surface phenotypes, showing similar 

expression of TLR4, CD11b and CD18 537. However, RAW 246.7 cells show 

increased surface expression of CD40, CD11c, CD54 and CD14 compared to 

BMDMs, with the latter reported to contribute to RAW 246.7 cells exhibiting 

an enhanced degree of LPS-mediated cytokine induction 536,537,540–542. 

Therefore, it is potentially likely that the differences in tnc -/- BMDMs and 

RAW 246.7s regulation of miR-155 are derived from differences in the degree 

of TN-C reduction caused by TNC gene ablation (knockout) and transient TNC 

gene downregulation (siRNA) methods, respectively. miR-155 regulation has 

been shown by Zordan to be orchestrated by insoluble ECM-bound TN-C and 

not soluble TN-C secreted from cells 511. As such complete ablation of TN-C 

expression via gene knockout results in no promotion of miR-155 expression 

by TN-C at any timepoint, with the extent of miR-155 suppression becoming 

greater as wild-type expression increases with LPS treatment. Meanwhile the 

~80% mRNA knockdown elicited from TNC siRNA treatment leaves a small 

population of ECM-bound TN-C to continue promoting miR-155 expression, 

potentially preventing any noticeable change in miR-155 expression. 
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Zordan previously outlined the potential post-transcriptional nature of TN-Cs 

regulation of miR-155, finding no change evident in the expression or splicing 

of the miR-155 primary transcript in tnc -/- BMDMs while pre-miR-155 

showed reduced expression 511. This led to the hypothesised regulation of 

miR-155 at the microprocessor stage of miRNA biogenesis wherein pri-

miRNAs are cleaved to form pre-miRNAs. Working alongside Zordan, I 

identified a consistent but non-significant downregulation in pri-miR-155 

associated with the microprocessor component Drosha in TNC knockdown 

RAW 246.7 cells through RNA-immunoprecipitation. This reduced association 

could potentially explain reduced pre-miR-155 levels, as less pri-miR-155 is 

bound to the microprocessor to undergo processing. However, due to the 

experimental complexity and the challenges of maintaining native 

microprocessor-miRNA associations more repeats are necessary to reduce 

variability. In addition, alternative means of TNC knockdown validation, such 

as FACs analysis or immunoblotting of supernatants and lysates should be 

utilised, as mRNA measurement by qPCR fails to detect changes in TNC 

expression which evidently have an impact on the cell. 

RNA-binding proteins (RBPs) acts as key accessory proteins to the activity of 

the microprocessor, their regulation providing a potential means by which TN-

C could impact the association of pri-miR-155 to Drosha 264. Previous analysis 

by Zordan examined the key candidate RBPs tristetrapolin (TTP), KH-type 

splicing regulatory protein (KHSRP), zinc finger protein 385A (ZNF385A) and 

zinc finger protein 346 (ZNF-346), with no changes in nuclear localisation or 

microprocessor association being discernible and only TTP showing a change 
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in expression in tnc -/- BMDMs 511. TTP although having no known role in 

miRNA biogenesis is a prolific regulator of mRNA, leading to their 

destabilisation and resultant degradation 543. Additionally TTP is a known 

regulator of miR-155, enhancing miR-1 expression which in turn targets pre-

miR-155 and impedes its processing 544. However, tnc knockout within 

BMDMs leads to a large reduction in LPS-dependent TTP expression, this 

regulation being opposite of that expected if TTP were directly regulating miR-

155 511. 

As-such we focused upon a novel hypothesis, examining the potential role of 

YAP within the TNC-miR-155 mechanism.  

Co-immunoprecipitation experiments within the literature show no direct 

interaction between YAP and the microprocessor components Drosha or 

DGCR8, however YAP has been shown to modulate pri-miRNA processing 

through RBP regulation 92. Unphosphorylated YAP has been shown to localise 

to the nucleus and sequester DDX17, a known microprocessor accessory RBP, 

through its WW1 domain 90,92,545. DDX17 is known in this context to promote 

pri-miRNA processing through binding to a VCAUCH sequence +7 to +12nt 

downstream of the 3’ strands pri-miRNA basal junction, with YAP nuclear 

localisation thus associated with reduced pri-miRNA processing 92. However, it 

should be noted that the only study outlining this mechanism shows YAP 

inactivation to have no impact on pri-miR-155 processing 92. This is likely due 

to the low expression of miR-155 within the immortalised keratinocytes 

examined placing miR-155 below the analysis cut-off. Notedly, pri-miR-155 
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does contain a potential DDX17 binding GCAUUC sequence within the +7 to 

+12nt window of its 3’ flanking region conserved in both humans and mice. 

However, the 3’ UC portion of this binding sequence is associated with 

reduced DDX17 regulation probability, potentially implying a reduced degree 

of pri-miR-155 regulation by DDX17. Although Mori et al., 2014 show no effect 

of stem-loop deletion on the regulation of pri-miRNA by DDX17, a more 

recent study by Remenyi et al., 2016 conflicts with this evidence, finding 

DDX17 to directly interact with closed stem-loop of pri-miR-132 and facilitate 

its enhanced processing 92,545. However, the stem-loop of pri-miR-155 does 

not resemble that of miR-132, reducing the likelihood of this mechanism of 

DDX17 action. 

YAP has also been found to bind to histone deacetylase 3 (HDAC3) in 

macrophage cells, leading to direct binding and inhibition of the Arg1 

promoter in a deacetylase independent manner 399. HDAC1, HDAC2 and 

HDAC3 are known to associated with Drosha, with HDAC1 found to enhance 

miRNA processing through deacetylation of DGCR8 546. Thus, YAP could 

potentially regulate miRNA processing through HDAC binding. This also 

furthers the possibility of YAP having as-of-yet undocumented associations 

with RBPs with the capacity to directly target miR-155. 

TN-C has been shown to regulate YAP through depolymerisation of the actin 

cytoskeleton in osteosarcoma and chondrocyte cells, leading to YAP 

phosphorylation and subsequent cytoplasmic sequestration and degradation 

311,419. This provides a means by which TN-C could facilitate changes to pri-
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miR-155 processing at the microprocessor, eliciting YAP phosphorylation 

which reduces the quantity of nuclear YAP that negatively regulates miRNA 

processing through accessory RBP binding and sequestration. However, 

evidence from Ewing sarcoma cells shows TN-C to cause dephosphorylation of 

YAP, highlighting the tissue specificity of this pathway 414. As such I aimed to 

conduct novel examination of the TNC-YAP and YAP-miR-155 associations 

within macrophage cells. 

The actin depolymerisation shown to be caused by TN-C was validated in RAW 

246.7 macrophages, with knockdown of TNC expression via siRNA treatment 

leading to enhanced actin polymerisation. This corroborates evidence found 

in non-macrophage cell lines. Literature evidence describes TN-C modulating 

actin stress-fibre formation through activation of integrin α9β1 as well as 

through inhibiting interaction between integrin α5β1 and syndecan-4 which 

promote actin polymerisation 92. In Chapter 2, the presence of these integrins 

on the RAW 246.7 macrophage cell surface will be tested, however literature 

evidence indicates that each of these integrins are present on the 

macrophage and thus potentially responsible for the effect of TN-C on actin 

polymerisation 521,547,548. 

Further examination utilised actin modulating factors to identify whether 

changes to the actin cytoskeleton, such as those caused by TN-C, lead to a 

change in miR-155 expression. Neither actin polymerisation via LPA treatment 

nor actin depolymerisation via Latrunculin B treatment significantly affected 

miR-155 expression in the RAW 246.7 macrophage. Follow-up attempts were 
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made to determine whether actin polymerisation via Latrunculin B treatment 

would rescue the lowered miR-155 expression as a result of TNC knockdown. 

However, all actin modulator treatments resulted in a downregulation in TNC 

mRNA expression even when not accompanied by siRNA treatment. This 

attesting to a regulatory feedback loop, whereby the actin cytoskeletal state 

modulates TNC expression, matching evidence from superficial zone 

chondrocytes showing a similar downregulatory impact of latrunculin B 

treatment on TNC mRNA and protein expression 549. Within chondrocytes, 

fibroblasts, and epithelial cells TNC expression has been found to be 

promoted by myocardin-related transcription factor-A (MRTF-A), the function 

of which is inhibited during actin depolymerisation as it localises to the 

cytoplasm due to its binding to G-actin monomers 549–553. Functional 

expression of MRTF-A has been confirmed in BMDMs, indicating that this 

transcription factor likely plays a part in the regulation of TNC mRNA 

expression by the actin cytoskeleton that we observe 554.  

Latrunculin B has been shown to increase and jasplakinolide has been shown 

to decrease NF-kB activation in epithelial cells, using equivalent dosages to 

our experiments, with long-term latrunculin B treatment also shown to 

increase NF-kB activation and transcription factor activity in intestinal cells 

555,556. Furthermore, latrunculin B and jasplakinolide have been shown in the 

macrophage to induce NF-kB mediated transcription as a result of increased 

reactive oxygen species (ROS) generation, this potentially explaining the 

increased mature miR-155 and pri-miR-155 expression we see as a result of 

Jasplakinolide treatment 529. In-fact miR-155 is an inhibitor of Foxo3a, itself a 
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ROS inhibitor, thus leading to ROS potentially creating a miR-155 positive 

feedback loop 557. The ROS generated by actin modulation have also been 

shown to regulate enzymes involved in miRNA biogenesis, causing 

downregulation of Dicer-mediated processing and upregulation of the pro-

Drosha processing transcription factor p53 558,559. LPA modulates the actin 

cytoskeleton by binding to cell surface LPA receptors which then signal 

through G-protein coupled receptor (GPCR) α12/13 to activate the Rho-ROCK 

pathway and promote stress fibre formation 527. However, through other 

GPCRs LPA treatment of macrophages has been shown to have an anti-

inflammatory effect thought to be caused by the RAS-ERK1/2 pathways 

stimulation and activation of MKP1 528.  

This highlights how examination of miR-155 in macrophages exposed to 

exogenous actin modulators gives rise to numerous potentials off-target 

effects which may obscure the impact of native actin modulation, such as that 

performed by TN-C. These events couple with the general widespread impact 

of actin modulation on internal cellular dynamics to produce a large degree of 

variability between experimental repeats.  

Recent investigations into YAP functionality within macrophage cells makes 

note of the reduced basal levels of YAP within these cell types 393,400,404,560,561. 

Our attempts to detect YAP have corroborated its low basal expression, with a 

lack of both protein and mRNA detection evident in multiple macrophage cell 

lines. Only in primary BMDM cells was suitable detection of YAP1 mRNA 

achieved, showing a non-significant upregulation in expression with LPS 
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treatment. This finding is supported by previous inflammatory stimulation 

experiments in BMDMs and peritoneal macrophages, having been performed 

with LPS and IFNy, which show increased YAP protein expression with 

treatment 399.  

Furthermore, we show that TNC knockout does not impact this inflammatory 

induction of YAP. TNC knockdown is reported to produce an impeded 

inflammatory phenotype and thus would be thought to have a negative effect 

on YAP inflammatory induction within the macrophage 289. However, 

experiments in Ewing Sarcoma cells support our findings showing TNC 

knockout to have no effect on YAP protein expression 414.  

The reduced basal expression of YAP in monocyte lineage cells is logical, due 

to the reduced necessity in non-tissue forming cells for proliferative signalling. 

The constraints on proliferation caused by space availability have been shown 

to be limited in the macrophage, with growth signals rather than the effect of 

mechano-transduction pathways, such as the Hippo-pathway, influencing 

proliferation 562. 

However, initial analysis showed a potential increase in YAP protein 

expression alongside reduced RAW 246.7 cell confluency. Follow-up attempts 

to validate the YAP protein banding by siRNA knockdown were unsuccessful, 

with only qPCR analysis confirming successful YAP mRNA knockdown. The 

small degree of YAP mRNA induction in the low-confluency workflow allowed 

us to examine the effects of YAP knockdown for the first time in the RAW 

246.7 macrophage, finding YAP knockdown to not affect miR-155 expression. 
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However, likely due to the necessity of a cell dissociation step in the low-

confluency siRNA workflow leading to altered expression patterns, TNC and 

YAP knockdowns were poor. Thus, further experimental refinement is 

necessary in order to see the true effect of natively expressed YAP on miR-155 

in the RAW 246.7 macrophage. 

Low YAP expression within monocytic cells led to the attempted adoption of 

an alternative cell model which would allow investigation into the role of YAP 

in the TN-C–miR-155 mechanism in a system where YAP expression is in 

abundance. NIH-3T3 and EO771 cells were selected for this purpose, both 

showing robust expression of YAP and miR-155. YAP was shown to negatively 

regulate miR-155 expression in unstimulated EO771 cells, with a significant 

induction in miR-155 expression occurring as a result of YAP siRNA 

knockdown. A similar but non-significant effect was seen with YAP knockdown 

in NIH-3T3 cells, however in both cell types the change in miR-155 expression 

was exceptionally small at an increase of ~1.1 fold, thus having dubious 

biological relevancy. Additionally, TNC knockdown did not elicit the reduction 

in miR-155 expression characterised in macrophage cells. With further 

investigation using TGF-β or TNF treatment attempting to determine whether 

miR-155 stimulation, as occurring in macrophages via LPS treatment, is 

necessary for its regulation by TN-C. No change in the stimulated expression 

of miR-155 was found to occur due to either TNC or YAP knockdown in either 

cell type, this lack of responsiveness rendering these cells unusable as a 

means of examining the hypothesised role of YAP in the TNC-miR-155 

mechanism. 
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LPS treatment of macrophage cells induces upregulation in miR-155 

expression primarily through the direct action of the TLR-4 pathway induced 

transcription factors NF-kB and AP-1 249–252. Importantly, Zordan identified 

that the regulation of miR-155 by TN-C functioned independently of the TLR-4 

pathway, with  inhibition of TLR-4 signalling  not hindering the reduction in 

miR-155 expression in tnc -/- BMDMs 511. Thus, it is striking that TN-C 

knockdown fails to elicit a change in miR-155 expression within EO771 and 

NIH-3T3 cells either with or without miR-155 stimulation, as these cells are 

abundant in TN-C, YAP and miR-155. This result indicates that either TNCs 

regulation of miR-155 requires an additional macrophage specific factor, 

potentially a cell surface component to interface with TN-C, or that the robust 

expression of miR-155 seen in resting EO771 and NIH-3T3 cells belies an 

upregulatory mechanism outside of or more substantial than the regulatory 

impact of TN-C. For instance, the IL-1B and TGF-β pathways have both been 

shown to induce miR-155 expression in fibroblasts and breast cancer cells, 

passive production of these pro-fibrotic factors potentially giving rise to the 

aforementioned robust expression of miR-155 257,563. 

With low YAP expression in macrophage cells thwarting loss-of-function 

studies and the inability of alternative cell lines to model the TNC-miR-155 

pathway, a YAP overexpression study was performed in RAW 246.7 

macrophages. This experiment identified for the first time the downregulatory 

effect of YAP on miR-155 transcription, with transfection with a YAP 

expression plasmid resulting in a ~50% reduction in the expression of both 

mature miR-155 and the pri-miR-155 transcript. The reduction in mature miR-
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155 was only found to be significant without LPS stimulation, indicating that 

the TLR-4 mediated inflammatory cascade may overcome the negative 

modulation by YAP with sufficient miR-155 induction. This discovery that YAP 

negatively regulates miR-155 transcription further reduces the likelihood of 

our hypothesised role for YAP in the TNC-miR-155 mechanism, as the 

regulation of miR-155 by TN-C has been proven to elicit no change in pri-miR-

155 expression and thus assumed to be post-transcriptional. However, the 

regulation of miR-155 by YAP in the macrophage lends further evidence to the 

growing role for YAP as an anti-inflammatory mediator.  

In endothelial cells YAP has been shown to promote degradation of TRAF6, 

leading to subsequent downregulation of the NF-kB pathway, an occurrence 

also reported to be caused by YAPs disruption of TAK1, IKKα and IKKβ 

interaction in a model for osteoarthritis 396,397. NF-kB is a key transcription 

factor responsible for the early  induction of miR-155 expression 249–251. Thus, 

by overexpressing YAP we could be reducing the activity of this pro-

inflammatory transcription factor causing the changes seen in both mature 

and primary transcripts. However, this functionality contradicts recent studies 

in macrophage cells, showing YAP to bind to the NF-kB subunit p65 and aid 

NF-kB nuclear translocation, promoting pro-inflammatory cytokine production 

535. Contrary to the discoveries in epithelial cells, macrophage TRAF6 was also 

found to bind YAP, but instead promoted YAP nuclear translocation 404. 

Additionally, knockdown of macrophage YAP has previously been reported to 

enhance pro-inflammatory gene expression in a NF-kB independent manner 

393. This cumulative evidence indicates a cell-type specific role for YAP in 
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inflammatory regulation, with macrophage YAP exhibiting a pro-inflammatory 

function. Intriguingly, the downregulation of miR-155 transcription due to YAP 

overexpression we witness within the macrophage would dispute this 

previous evidence, instead indicating an anti-inflammatory mechanism in the 

macrophage. 

To further identify by what means YAP regulates miR-155 transcription within 

our YAP overexpression model, nuclear localisation of the NF-kB subunit p65 

was assessed. Immunoblotting identified a reduction in p65 localised to the 

nucleus in LPS treated macrophages overexpressing YAP, with no change 

evident in cytoplasmic abundance. However, immunofluorescence analysis of 

samples from the same experiments show high variability, with a reduction in 

total p65 evident in the un-stimulated YAP overexpressing cells, but no 

difference is seen in nuclear localisation of LPS stimulated samples to match 

that of the immunoblot. The disparity in these results is likely due to the basal 

inflammation elicited by the nucleofection procedure. This resulting in visible 

p65 nuclear localisation without LPS treatment as well as the miR-155 

expression in non-stimulated cells seen previously. Immunofluorescence, as a 

more sensitive detection method is more liable to have results confounded by 

increased background p65 expression levels. Additionally, RAW 246.7 

macrophages exposed to nucleofection often exhibit irregular cell 

morphologies, introducing difficulties in cell selection for immunofluorescence 

quantitative analysis which do not impede p65 detection by immunoblot. 

Thus, our immunoblot evidence serves to identify the regulation of p65 

localisation as a likely means of miR-155 transcriptional regulation by YAP. 
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However, the mechanism by which this occurs remains unknown, with future 

experimentation examining the direct binding of overexpressed YAP to TRAF6 

or p65 necessary to validate whether the previously described or a novel anti-

inflammatory mechanism is at play. 

It should be recognised that the YAP overexpression analysis serves as an 

imperfect model for the natively higher YAP expressing BMDMs, with loss-of-

function analysis in these cells being necessary to fully validate the role of YAP 

in miR-155 regulation. Overexpression analysis includes several flaws. For 

instance, macrophages transfected with the empty plasmid vector and 

without LPS stimulation showed heightened miR-155 expression. This is likely 

a result of the transfection procedure inducing an inflammatory induction 

either due to the disturbance of the macrophages plasma membrane via 

electroporation, or in response to the insertion of foreign DNA 530,531. Indeed, 

plasmid DNA lipofection has been shown to stimulate NF-kB transcription 

factor activity through DHX9 as well as induction of the MyD88 pathway via 

DHX36 564–567. Such effects of the nucleofection procedure were corrected for 

through normalisation of results to the empty vector transfected samples, 

however they still represent a highly perturbed macrophage. Additionally, the 

>1000 fold upregulation in YAP mRNA expression in the transfected RAW 

246.7 cells far exceeds the native expression of macrophages, which 

reportedly show a low YAP expression 393,400,404,560,561. It should also be noted 

that the introduction of ectopic promoters may also leads to the titration of 

transcription factors, resulting in the downregulation of generalised gene 

expression as we see with miR-155 and potentially p65.568 
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Thus, further use of this model would benefit from utilising the weaker 

ubiquitin C promoter (UBC) within the transfection vector in place of the 

strong cytomegalovirus immediate-early promoter (CMV) in order to limit YAP 

overexpression 569.  

Overall, our findings identify YAP as a potential negative regulator of miR-155 

expression, with overexpression analysis within the RAW 246.7 macrophage 

and knockdown of YAP within EO771 cells supporting this claim. We 

additionally implicated the downregulation of p65 nuclear localisation by YAP 

as a contributor to this effect. However, the low endogenous YAP expression 

within macrophages, in particular RAW 246.7 cells, reduces the likelihood of 

this mechanism having an effect in our cell system of interest. The evidence 

for TN-C inducing actin cytoskeletal depolymerisation within the macrophage 

couples with the lack of miR-155 modulation elicited from changes to the 

actin cytoskeleton, showing the non-existence of the potential actin sensing 

role of YAP within the TNC-miR-155 mechanism. Finally, with the impact of 

YAP overexpression on miR-155 being transcriptional, not post-transcriptional 

as found in TN-Cs regulation of miR-155, we have disproved interconnectivity 

between TN-C-YAP and YAP-miR-155 within the RAW 246.7 macrophage. 

With the role of the actin cytoskeleton and YAP within the TNC-miR-155 

pathway disproved, I next aimed to identify by which cell surface elements 

TN-C regulates miR-155 and whether the RBP master regulator MK2 

participates in the TN-C-miR-155 mechanism. 
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Chapter 4 

The role of the p38-MK2 

pathway and integrin 

receptors in the 

regulation of miRNA-155 

by TN-C   
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4.1.0 – Introduction, Hypothesis and Objectives 

In order for TN-C to influence pri-miR-155 association with the microprocessor 

a process of intracellular signalling must occur. Such a process would likely 

first involve the interaction of ECM bound TN-C with a cell surface receptor. 

TN-C directly interacts with a number of cell surface receptors, including TLR4, 

EGFR and αvβ1, αvβ3, αvβ6, α2β1, α7β1, α8β1 and α9β1 integrins 32,570–572. 

These interactions facilitate direct communication into the cell, however TN-C 

may also influence cellular phenotype through binding to other ECM 

components, thus modulating their receptor interactions, as well as 

sequestering or acting as a reservoir for a variety of soluble factors 573.   

Previous work by Zordan and Alessandro have found blockage of TLR4, EGFR 

and integrins α9β1, αvβ3 and α5β1 to not significantly influence miR-155 

expression 511. Additionally, examination of the novel Mac1 receptor and 

NRP1 co-receptor found only the latter to influence miR-155, with knockdown 

of NRP1 in steady-state macrophages inducing miR-155 expression. 

As both the primary candidate signal protein YAP and changes to the actin 

cytoskeleton have been shown to not elicit post-transcriptional regulation of 

miR-155 the examination of a new candidate signal pathway is required.  

Monocyte-derived macrophage treatment with the TN-C FBG domain has 

been shown to stimulate phosphorylation of the kinase p38α 302. A 

downregulation in p38α phosphorylation as a result of TNC knockdown could 

in turn leads to a reduction in activation of its downstream kinase, the master 
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regulator of RNA-binding proteins (RBPs) MAPKAPK2 (MK2) 467. MK2 is known 

to phosphorylate RBPs and modulate their RNA-binding capacity, potentially 

facilitating the post-transcriptional regulation of pri-miR-155 through 

modulation of the known pri-miRNA regulators such as HuR and p68 as well as 

the inflammatory regulator TTP 169,505,574–576. In particular reduced MK2 

activation is known to increased activity of TTP, this RBP being associated with 

the degradation of TNF-α mRNA, a similar phenotype to that seen in TN-C and 

MK2 deficient macrophages 289,474,574,577,578.  

In order to further specify which RBPs may be responsible for the regulation 

of pri-miR-155 at the microprocessor the presence of novel RBP binding sites 

within the miR-155 transcript were examined.  

4.1.1 – Hypothesis 

Tenascin-C, through interactions with cell surface receptor(s) directly 

regulates the p38/MK2 pathway, facilitating changes to pri-miR-155 

associated RBPs (Figure 4.1.1).  



191 
 

 

Figure 4.1.1. Schematic representation of research hypothesis and initial objectives. This 

schematic details the hypothesised pathway by-which TN-C post-transcriptionally regulates 

miR-155 expression during the macrophage inflammatory response. Numbers indicate which 

objective aligns with that specific research objective. Grey lines represents previously 

established pathways. Red lines represent phosphorylation events. Pointed arrows indicate 

stimulation while blunt headed arrows represent inhibition. Crosses represent a pathway that 

is inactivated by upstream interactions. 

4.1.2 – Objectives 

1) To identify the cell surface receptor responsible for TN-C-mediated 

regulation of miR-155. This was achieved by: 

a) Interrogating literature sources to identify TN-C interacting 

candidate receptors; 

b) Identifying potential links between candidate receptors and miR-

155 biogenesis through receptor siRNA knockdown and miR-155 

expression quantification. 
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2) To determine the role of the candidate p38α/MK2 pathway in the 

regulation of miR-155 expression by tenascin-C. This was achieved by: 

a) Validating potential regulation of the p38α/MK2 pathway by TN-C 

via examination of p38α and MK2 abundance and phosphorylation 

state in TNC siRNA knockout macrophages; 

b) Identifying potential ways by which TN-C may post-transcriptionally 

regulate the p38α/MK2 pathway, utilising cellular fractionation 

methods combined with western blot analysis to examine protein 

localisation, and extended LPS treatment duration to examine protein 

recovery; 

c) Exploring the role of MK2 as a regulator of miR-155 expression 

through siRNA knockdown of MK2 and examination of resultant miR-

155 biogenesis products. 

4.2.0 – Examination of known TN-C binding receptors with 

links to miR-155 expression regulation 

4.2.1 – Examination of αV integrin complexes as key candidates of TN-C 

signal transduction 

Candidate TN-C interacting integrin complexes were identified via a literature 

search (Supplementary figure 8.4.1), with FACs analysis used to verify 

expression in RAW 246.7 cells (Supplementary figure 8.4.2).  
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The majority of these candidates contain either αv or β1 subunits, this, 

combined with their validated cell surface expression, prompted their 

examination via siRNA knockdown. 

Multiple attempts have been made previously to assess the function of β1 

integrin in miR-155 regulation through receptor blockage experiments 511. 

These utilised anti β1 and α5β1 specific mAbs, thus providing a more specific 

indicator of the role of β1 integrin complexes compared to the RGD peptide 

used to examine αVβ3. The RGD motif being present within multiple ECM 

components, including all α5, α8, and αV containing integrin complexes 579. 

Thus, initial focus was placed on examining the role of αV subunit containing 

integrins in miR-155 regulation. 

RAW 246.7 cells were transfected with non-targeting control or ITGAV siRNA 

before being stimulated with LPS for 6h (performed by Xingyu Guo). ITGAV, 

miR-155 and pri-miR-155 expression was quantified by qPCR. 

Incubation with ITGAV siRNA led to significantly reduced miR-155 expression 

in 6h LPS treated cells, even with poor ITGAV mRNA knockdown efficiency 

(~11%) (Figure 4.2.2a/b). No matching change in pri-miR-155 expression is 

evident as a result of ITGAV knockdown alongside LPS treatment, potentially 

alluding to a post-transcriptional mode of miR-155 regulation (Figure 4.2.2c). 

Both pri- and mature miR-155 showed no significant change as a result of 

ITGAV knockdown in non-LPS stimulated cells, although cDNA-contamination 

led to the examination of pri-miR-155 levels in only two repeats of the no-

treatment control samples. 
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As the αV integrin subunit is a component of multiple potential TN-C binding 

complexes it is not possible to identify which integrin receptor is responsible 

for the changes seen in miR-155 expression through ITGAV knockdown alone. 

Thus, further knockdown experiments were performed examining the 

candidate β1 and β3 integrins, both of which form complexes with αV. 

Figure 4.2.2: Knockdown of integrin V leads to a decrease in miR-155 expression 

but not in that of pri-miR-155. RAW 246.7 macrophages were transfected with 10nM 

of non-targeting control or ITGAV siRNA using lipofectamine RNAiMAX then either 

non-stimulated or stimulated with 100ng/mL of LPS for 6 hours, before RNA 

extraction. a) ITGAV expression was quantified by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression was determined via the ΔΔCt 

method with siCTRL as the calibrator. ± SEM; n=3. b) Mature miR-155 was quantified 

by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative expression 

of miR-155 was determined via the ΔΔCt method with siCTRL as the calibrator. ± 

SEM; n≥3; unpaired t-test (p≥0.05*). This experiment was performed by Xingyu Guo. 

c) pri-miR155 expression was quantified by qPCR using HPRT1 as an endogenous 

housekeeping gene. Relative expression was determined via the ΔΔCt method with 

siCTRL as the calibrator. ± SEM; n≥2; unpaired t-test.  
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siRNA treatment was performed as previously, with transfection of either 

ITGAV, ITGB1 or ITGB3 siRNA or dual-transfection with ITGAV+B1 or ITGAV+B3 

siRNA. Cells were stimulated with LPS for 8h with ITGAV, ITGB3, ITGB1 miR-

155 and pri-miR-155 expression quantified by qPCR. 

Unlike the previous experiment performed by Xingyu, knockdown of ITGAV 

failed to elicit any change in miR-155 expression, even with comparable ITGAV 

mRNA reduction (Figure 4.2.3a/d). However, the effective knockdown of 

ITGB1 is joined by a significant increase in miR-155 expression, an increase 

that remains in cells incubated with ITGAV+B3, with a similar but non-

significant change occurring with ITGB3 and ITGAV+B3 treatment (Figure 4.2.3 

b/c/d). 
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Figure 4.2.3: Dual knockdown of integrin aV complex partners identified integrin 

αVβ1 as a potential primary candidate. RAW 246.7 macrophages were transfected 

with 10nM of non-targeting control or a combination of ITGAV, ITGB1 and/or ITGB3 

siRNA using lipofectamine RNAiMAX then either non-stimulated or stimulated with 

100ng/mL of LPS for 8 hours, before RNA extraction. a) ITGAV, b) ITGB1 and c) ITGB3 

mRNA expression were quantified by qPCR using HPRT1 as an endogenous 

housekeeping gene. Relative expression was determined via the ΔΔCt method with 

siCTRL as the calibrator. ± SEM; n=3. d) Mature miR-155 was quantified by qPCR 

using U6 snRNA as an endogenous housekeeping gene. Relative expression of miR-

155 was determined via the ΔΔCt method with siCTRL as the calibrator. ± SEM; n≥3; 

unpaired t-test (p≥0.05*). 

The lack of miR-155 change with ITGAV knockdown is concerning, potentially 

occurring due to the low percentage of cells expressing αV, as seen in FACs 

analysis, accentuating variation between the LPS treatment timepoints (i.e. 6 

hours in the first set of experiments and 8 hours in the following experiments) 
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and RAW 246.7 batches used in each experiment. On the other hand, the 

induction in miR-155 expression with ITGB1 knockdown conforms to previous 

β1 blockade experiments conducted in BMDMs and RAW 246.7 macrophages. 

This illustrates that the resultant miR-155 induction is not due to endotoxin 

contamination, as assumed from β1 blockade alone, instead representing a 

true effect of global β1 integrin complex repression.   

Although continued examination of integrin αV complexes as candidate TN-C 

receptors in the TNC-miR-155 axis showed promise, and will likely be explored 

in the future, further analysis of integrins was halted during this project. This 

is due the discrepancy in ITGAV knockdown results between separate 

knockdown experiments (Figure 4.2.2 and Figure 4.2.3) necessitating the 

design and optimisation of an alternative gain-of-function model, whereby 

TN-C coated cell culture plates would stimulate miR-155 expression. This, in 

combination with ITGAV knockdown, would facilitate direct examination of 

the potential TNC-αV-miR-155 connection. However, unfortunately the 

growth of RAW 246.7 cells upon TN-C supplemented plates has yet to be fully 

optimized. 
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4.3.0 – MK2: a kinase implicated in the regulation of miR-

155 expression by TN-C? 

4.3.1 – Identifying potential pri-miR-155 interacting RNA-binding 

proteins. 

In tandem with the examination of cell-surface events which may mediate the 

regulation of miR-155 by TN-C, potential mediators of miR-155 post-

transcriptional processing were also investigated. 

Examination of miR-155 biogenesis products in TNC knockout macrophages 

identified the regulation of miR-155 by TN-C as a potential post-

transcriptional mechanism, with pri-miR-155 expression remaining unchanged 

while pre- and mature miR-155 showed significant downregulation 289,511. 

Reduced pri-miR-155 association with Drosha was also found as a result of TN-

C knockdown through RIP experiments, providing further evidence for a post-

transcriptional mechanism of miR-155 regulation by TN-C. 

Several RNA-binding proteins (RBPs) are known to function as modulators of 

pri-miRNA processing at the microprocessor, with the specificity of these RBPs 

determined by specific motifs or elements within the pri-miRNA which enable 

RBP binding 264,580,581. Through modulation of these proteins cell surface 

signals have been shown to be transduced to the microprocessor, leading to 

modulation of pri-miRNA association as may be occurring as a result of 

extracellular TN-C function. 
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Previous attempts to identify potential RBPs which regulate miR-155 were 

performed by Zordan 511. Subcellular localisation of the key candidate RBPs 

KHSRP, TTP, ZNF-385A and ZNF-346 was unaffected by TNC knockdown, with 

only TTP showing a change in expression as a result of reduced TN-C. 

Additionally, co-IP analysis of these RBPs was found to be inconclusive.  

With the lack of evidence for TN-C regulating these primary candidate RBPs, 

bioinformatic analysis of the pri-miR-155 sequence was conducted in order to 

identify novel RBP binding sites and thus additional potential pri-miR-155 

regulatory candidate RBPs.  

The oRNAment webtool utilises a database of RBP consensus target motifs 

acquired from in vitro binding assays of purified RBPs (or their RNA binding 

domains) and randomised RNA pools 582. Input RNA sequences are scanned 

for these motifs, providing information of the motifs position on the input as 

well as its matrix score, a 0-1 value expressing the extent to which a motif 

matches the optimal RBP target motif. 

oRNAment was used to examine the miR-155 host-gene (MIR155HG), finding 

824 RBP binding motifs within the transcript (Figure 4.3.1a). The transcript 

was then paired down so that only an estimated pri-miR-155 sequence was 

examined, this being conducted by taking the known pre-miR-155 sequence 

and adding +25bp to the 3’ end and +20bp to the 5’ end. This region being 

chosen following estimations of pri-miRNA length defined by the Narry Kim 

lab 153.  
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Four RBP binding sites were observed within the pri-miR-155 transcript 

(Figure 4.3.1b). Two binding sites for MBNL1 were located within the 5’ tail 

region, with matrix scores of 1.000 and 0.672, one HNRNPF binding site was 

found within the 5’ apical region, with a matrix score of 0.501, and a HNRNPL 

binding site with a matrix score of 0.767 was located within the 3’ lower stem 

region. 

 

Figure 4.3.1: Identification of novel RBP binding sites in the miR-155 transcript. a) 

Workflow schematic of analysis using oRNAment webtool to identify RNA-Binding 

Protein (RBP) binding motifs in the mouse pri-miR-155 sequence. The pri-miRNA 

sequence was defined as the pre-miR155 sequence +25bp on the 3’ end and +20bp 

on the 5’ end. b) Schematic of murine pri-miR-155 and the four RBP binding motifs 

(two of which are for MBNL1) identified by oRNAment. Depicted are the names of 

each RBP and the degree to which the sequence matches its target motif (matrix 

score 0-1). 
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Of these prospective RBPs, HNRNPL was not further considered due to the 

low conservation of this motif between mice and humans. MBNL1 is a pre-

mRNA splicing factor and is additionally shown to bind to the terminal loop of 

miR-1307, leading to impeded recruitment of Dicer 583. Although HNRNPF has 

not been directly implicated in miRNA regulation, several other hnRNPs are 

known to associate with pri- and pre-miRNA. For example, hnRNPA1 binds to 

the stem and terminal loop of pri-miR-18a, enhancing microprocessor activity, 

as well as binding to the terminal loops of pri-miR-101-1 and pri-let-7a-1 584. 

As such these two RBPs have the potential to influence pri-miR-155 

association to Drosha and thus be responsible for TN-Cs potential regulation 

of this event.  

Next the expression of these RBPs in RAW 246.7 cells was assessed alongside 

analysis of whether TNC knockdown has a transcriptional impact on their 

expression. 

qPCR to detect MBNL1 and HNRNPF was performed upon RAW 246.7 cells 

incubated with TNC or scramble control siRNA and non-stimulated or 

stimulated with LPS for 2h. 

MBNL1 showed no change in mRNA expression with either LPS treatment or 

TNC knockdown (Figure 4.3.2a). Meanwhile, HNRNPF mRNA expression was 

not significantly induced by 2h LPS treatment but only showed a non-

significant decline due to TNC knockdown in non-LPS treated cells. 
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Figure 4.3.2: TNC knockdown elicits no significant change in the expression of 

candidate miR-155 binding RBPs. RAW 246.7 macrophages were transfected with 

10nM of non-targeting control or TNC siRNA using lipofectamine RNAiMAX then 

either non-stimulated or stimulated with 100ng/mL of LPS for 2 hours, before RNA 

extraction. a) MBNL1 and b) HNRNPF mRNA expression were quantified by qPCR 

using HPRT1 as an endogenous housekeeping gene. Relative expression was 

determined via the ΔΔCt method with non-stimulated siCTRL as the calibrator. ± 

SEM; n=3; two-way anova with Sidak’s multiple comparison test. 

With no change evident in the expression of candidate RBPs in TNC 

knockdown cells a streamlined approach was necessary, as knockdown 

examination of additional candidates would be both costly and with 

diminishing chances of success, as besides MBNL1 and HNRNPF only HNRNPL 

contains a potential binding site in the pri-miR-155 sequence. Thus, RNA-seq 

data was analysed, with the aim of identifying RBPs or RBP mediators which 

may be regulated by TNC in LPS stimulated BMDM for further examination. 

4.3.2 – MK2 expression in TNC knockdown and knockout macrophages 

RNA-seq analysis had previously been performed using TNC KO and TNC wild-

type BMDM cells (n=3) stimulated with LPS for 4 hours (See Chapter 5 for full 

details of this analysis). 
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Within this dataset gene expression was interrogated in order to identify 

potential TN-C regulated RBPs.  

Within this dataset an alternative MK2 transcript (TCONS_1395) was found to 

be significantly upregulated within TNC knockout cells. MK2 is characterised 

as a master-regulator of RBPs, including ARE-binding proteins such as AUF1, 

HuR and TTP 467. Thus, although TCONS transcripts are often dubious, further 

examination of canonical MK2 expression within BMDMs was conducted to 

gauge whether TN-C may transcriptionally regulate this protein. 

RNA-seq read count data for the canonical and alternative MK2 transcripts 

expression in 4h LPS treated TNC WT and TNC knockout BMDMs was 

examined. Additionally, qPCR analysis was performed upon TNC +/+ or TNC -/- 

BMDMs alongside an LPS induction time-course to closer examine changes in 

canonical MK2 mRNA expression at varying stimulatory stages. No change in 

canonical MK2 expression as a result of TNC KO was evident in either the RNA-

seq data or qPCR (Figure 4.3.3a/b). However, an upwards trend in MK2 

expression is potentially present following LPS treatment. 
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Figure 4.3.3: MK2 expression is induced by LPS treatment in BMDMs and is not 

affected by TNC knockout. a) Total RNA was extracted from wild-type BMDM cells, 

either untreated or stimulated with 100ng/mL of LPS for 4 hours (n=3). RNA-SEQ and 

subsequent read count analysis was performed by Novogene. The read count change 

of MK2 transcripts was analysed. b) TNC WT or KO BMDMs were stimulated with 

10ng/mL of LPS for the durations depicted. Canonical MK2 mRNA expression was 

quantified by qPCR using HPRT1 as an endogenous housekeeping gene. Relative 

expression was determined via the ΔΔCt method with TNC +/+ 0h LPS as the 

calibrator. ± SEM; n=3; two-way anova with Sidak’s multiple comparison test. 
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Although no transcriptional regulation of MK2 by TN-C was evident, MK2 still 

provides an intriguing candidate for further analysis, as the phosphorylation 

of MK2s upstream kinase p38 by the FBG domain of TN-C has been previously 

established within macrophage cells 302. Therefore, through phosphorylation 

and activation of MK2, as a result of p38 activation, TN-C may in turn 

modulate multiple RBPs, facilitating regulation of miRNAs such as miR-155. 

4.4.0 – TNC knockdown influences MK2 and p38 

abundance in steady-state macrophages 

4.4.1 – Optimisation and characterisation of MK2 protein detection in 

RAW 246.7 cells. 

Prior to examination of the potential relationship between MK2 and TN-C in 

macrophages, the detection of MK2 via western blot was first validated 

utilising MK2 knockdown to confirm band specificity.  

RAW 246.7 cells were transfected with non-targeting control or MK2 siRNA 

followed by LPS stimulation for 5 or 10 minutes. MK2 protein abundance in 

total protein extracts was examined by western blot using an anti-total MK2 

antibody.  

Two MK2 corresponding bands are visible via western blot (indicated by 

arrows in figure 4.4.1), these being known to correspond to two distinct MK2 

isoforms, the expression of which is cell line-dependent (Figure 4.4.1) 435. 

siMK2 treatment fully ablates the lower band in both 5 min and 15 min LPS 

treated cells while the upper band is reduced (Figure 4.4.1).  
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Based upon this validation, as well as evidence for its more ubiquitous 

expression across cells lines, future western blot assays utilise the lower band 

(indicated by the red arrow) for analysis (Figure 4.4.1) 435. 

The response of MK2 to early LPS treatment was next characterised in order 

to establish appropriate timepoints for future experimentation. 

 

 

 

 

 

 

 

 

Figure 4.4.1: Total MK2 antibody detects two bands of distinct molecular weights. 

The lower band is canonical and used for future analysis. RAW 246.7 macrophages 

were transfected with 10nM of non-targeting control or MK2 siRNA using 

lipofectamine RNAiMAX then stimulated with 100ng/mL of LPS for 5 or 15 minutes, 

before protein extraction. Western blot was used to semi-quantify total MK2 

abundance. α-tubulin was used as loading control. n=1. 

Western blot of total protein lysates was used to assess total MK2 and 

phospho-MK2 (Thr334) expression within RAW 246.7 macrophages treated 

with LPS for 0, 5, 10, 15, 30 and 60 minutes. The phospho-Thr334 MK2 

antibody was used as this phosphorylation site is responsible for MK2 

activation and nuclear export, with its location outside of the catalytic domain 
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or activity loop allowing potential association when MK2 is bound to another 

protein 465. 

Total MK2 protein expression is shown to be highest in the steady-state 

macrophage, with LPS induction leading to a rapid depletion of total protein 

which does not recover within 60 minutes (Figure 4.4.2). Meanwhile, 

phospho-MK2 abundance increases rapidly at 10 mins before peaking at 15 

mins and declining to basal levels by 60 mins post LPS treatment. 

This induction of MK2 phosphorylation is characteristic of LPS treated 

macrophages, matching experiments performed in BMDMs 435. Based upon 

this data 0, 15, 30 and 60 mins of LPS induction were used in future 

experiments in order to best observe phospho-MK2 induction and decline. 

 

Figure 4.4.2. Characterisation of MK2 induction in the early macrophage response 

to inflammation. RAW 246.7 macrophages were either unstimulated or stimulated 

with 100ng/mL of LPS for 5, 10, 15, 30 or 60 minutes, before total protein extraction. 

Total MK2 and phospho-MK2 abundance was detected by western blot. α-tubulin 

was used as loading control. n=1. 
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4.4.2 – Examining the impact of TNC knockdown on MK2 expression and 

phosphorylation in LPS stimulated RAW 246.7 cells. 

In order to examine whether TN-C regulates MK2 protein abundance or 

phosphorylation, and thus may impact RBP regulation, MK2 and phospho-

MK2 were examined in TNC knockdown macrophages. 

RAW 246.7 cells were transfected with non-targeting scramble control or TNC 

siRNA followed by LPS stimulation for 0, 15, 30 or 60 mins. Total protein 

lysates were prepared from these samples with MK2 and phospho-MK2 

(Thr334) levels examined by western blot. Densitometric quantification of 

protein bands relative to loading controls was utilised to examine trends over 

multiple experiments. 

siCTRL treatment did not alter MK2 or pMK2 expression across all timepoints 

(Figure 4.4.3a/b). However, TNC siRNA transfection led to a non-significant 

induction of MK2 in steady-state cells (p=0.068), total MK2 then proceeding to 

decline to levels below that of the siCTRL treatment following 30 (p=0.8846) 

and 60 mins (p=0.703) of LPS stimulation (Figure 4.3.3a/b). This disparity 

between treatments was not evident for phospho-MK2, with siCTRL and siTNC 

samples showing equivalent abundance at 0 (p=0.999), 15 (p=0.998) and 30 

mins (p=0.939) with a potential reduced quantity of phospho-MK2 only 60 

mins post LPS stimulation (p=0.895). 
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Figure 4.4.3: Tenascin-C knockdown leads to potentially increased steady-state 

MK2 abundance and decreased MK2 and pMK2 abundance  60 mins after LPS 

stimulation. RAW 246.7 macrophages were transfected with 10nM of non-targeting 

control or TNC siRNA using lipofectamine RNAiMAX then either unstimulated or 

stimulated with 100ng/mL of LPS for 5, 15, 30 or 60 minutes, before protein 

extraction. a) Western blot analysis was used to measure phospho-MK2 and total 

MK2 abundance. α-tubulin was used as a loading control. Densitometry was 

performed using Image J software with b) total MK2 and c) phospho-MK2 band 

densities calculated relative to that of α-tubulin. ± SEM; n≥3; two-way Anova with 

Sidak’s multiple comparison test. 

The largest impact of TNC knockdown on MK2 was the increase in total MK2 

seen in non-activated macrophages. Notably, MK2 banding in cells incubated 

with siTNC was more consistent with previous experiments examining the LPS 

induction of MK2 in wild-type macrophages than cells incubated with siCTRL 

(Figure 4.4.2 and 4.4.3). Therefore, siRNA incubation may be potentially 

influencing MK2 abundance. 
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As siTNC treatment leads to increased MK2 protein levels in steady-state RAW 

246.7 cells the abundance of MK2 mRNA was next quantified to ascertain 

whether this upregulation was based upon changes in mRNA abundance.  

siTNC treatment was conducted as previously with RAW 246.7 cells untreated 

or stimulated with LPS for 2h, this being followed by qPCR analysis of 

canonical MK2 transcript abundance. 

No significant change in canonical MK2 expression was found to occur as a 

result of siTNC treatment, neither following treatment with siCTRL in the 

steady-state nor 2h after LPS stimulation (Figure 4.4.4). 

 

 

 

 

 

 

 

 

Figure 4.4.4: TNC knockdown does not impact MK2 expression in RAW246.7 

macrophages. RAW 246.7 macrophages were transfected with 10nM of non-

targeting control or TNC siRNA using lipofectamine RNAiMAX then either 

unstimulated or stimulated with 100ng/mL of LPS for 2 hours, before total protein 

extraction. MK2 mRNA expression was quantified by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression was determined via the ΔΔCt 

method with no treatment 0h LPS as the calibrator. ± SEM; n=3; two-way Anova with 

Sidak’s multiple comparison test. 
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The lack of a transcriptional change in MK2 expression as a result of TNC 

knockdown infers that TNC may be regulating MK2 in steady-state 

macrophages via a post-transcriptional mechanism.  

4.4.3 – Examining the impact of TNC knockdown on p38 expression and 

phosphorylation in LPS stimulated RAW 246.7 cells. 

To further characterise how TN-C may be influencing MK2 abundance, the 

effect of TNC knockdown on the upstream signal protein p38 was next 

assessed.  

P38 is a stress-responsive mitogen-activated protein kinase (MAPK) 

responsible for the phosphorylation and resultant activity of multiple targets, 

including MK2. In steady-state cells, p38 has been shown to form a stable 

complex with MK2, protecting MK2 from degradation until pathway 

activation, phosphorylation and MK2 subsequent degradation via the E3 

ubiquitin ligase MDM2 435. As such, it was hypothesised that p38 activation or 

expression may be being mediated by TN-C, resulting in an increase in steady-

state MK2 levels as a result of repressed MK2 degradation. 

Western blot analysis of multiple LPS timepoints was performed as with MK2, 

using p38 and phospho-p38 antibodies to semi-quantify protein expression 

and activation. The phospho-p38 antibody targets both the Thr180 and 

Tyr182 phosphorylation sites, either of which can lead to p38 kinase activity 

585. 

siTNC treatment led to a potential, but non-significant, increase in total p38 

abundance in steady-state cells, with levels of total p38 matching those of 
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cells incubated with siCTRL at all other timepoints (Figure 4.4.5 a/b). 

Additionally, no difference in phospho-p38 is evident between the treatments 

at any LPS induction timepoints (Figure 4.4.5 a/c). 

 

Figure 4.4.5: TNC knockdown does not impact p38 phosphorylation. RAW 246.7 

macrophages were transfected with 10nM of non-targeting control or TNC siRNA 

using lipofectamine RNAiMAX then either unstimulated or stimulated with 100ng/mL 

of LPS for 5, 15, 30 or 60 minutes, before total protein extraction. a) Western blot 

analysis was used to measure phospho-p38 and total p38 abundance. α-tubulin was 

used as a loading control. Densitometry was performed using Image J software with 

b) total p38 and c) phospho-p38 band density calculated relative to that of α-tubulin. 

± SEM; n≥3; two-way Anova with Sidak’s multiple comparison test. 

The potential upregulation in total p38 observed in TNC knockdown steady-

state macrophages matches the upregulation of MK2 within these cells seen 

previously (Figure 4.3.3 and 4.3.5). No change in phospho-p38 levels occurs 

due to siTNC treatment in steady-state cells, with this and the lack of 
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phospho-MK2 at steady-state inferring that the mechanism that leads to 

increased protein abundance is not reliant on p38 or MK2 activation.  

With a potential increase in steady state p38 expression being caused by TNC 

knockdown the mRNA expression of p38 was next assessed. This being in 

order to determine whether TNC regulates p38 post-transcriptionally, as is the 

case for MK2. 

RNA-SEQ data examining differentially expressed genes between steady-state 

wild-type and TNC knockout BMDMs was analysed. Differentially expressed 

genes were identified using DESeq2 (performed by Novogene) 586. The 

differential expression of the p38 family members, p38α/β/γ/δ, and their 

protein coding isoforms, as listed on the Ensemble database, were examined 

587. 

The canonical p38α transcript showed significantly upregulated expression in 

TNC knockout steady-state BMDMs (Figure 4.3.6). Although non-significant, 

this trend was mirrored in all p38α isoforms, aside from p38α-202 the 

expression of which being highly variable. All other p38 family members 

showed minimal expression and differential expression between the groups. 
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Figure 4.3.6: The canonical p38α isoform shows a significant, but modest, increase 

in expression when comparing wild-type and TNC knockout steady-state BMDMs 

by RNA-Seq. Total RNA was extracted from wild-type BMDM cells (n=3). RNA-SEQ 

and subsequent FPKM (Fragments Per Kilobase of transcript sequence per Millions) 

analysis was performed by Novogene (As outlined in the methods). Depicted 

statistical significance is based upon differential expression analysis using DESeq2 

(p=<0.05*). 

These results depict TN-C as a regulator of p38α transcriptional expression, 

with TNC knockdown or knockout leading to heightened steady-state levels of 

the kinase. Increased levels of p38α may in turn act to stabilise and prevent 

MK2 degradation in steady-state macrophages.  
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4.5.0 – Examination of the potential regulation of p38 

subcellular localisation and MK2 recovery by TN-C  

4.5.1 – Investigating the effect of TNC knockdown on p38 subcellular 

localisation during the inflammatory response. 

Following confirmation of the control of p38α expression by TN-C in 

macrophages, potential changes to p38α’s cellular localisation were examined 

as this mediates the kinases’ ability to interact with target substrates such as 

MK2. 

In steady-state cells the majority of p38α is localised to the cytoplasm due to 

the action of multiple anchoring proteins 588. Additionally, a portion of p38α is 

thought to enter the nucleus, forming a stable complex with MK2 435. p38α 

activation leads nuclear import and phosphorylation of the MK2 Thr-334 site, 

leading to exposure of the nuclear export signal and shuttling into the 

cytoplasm where MK2 performs its effector functions 588.  

p38α, phospho-p38α, MK2 and phospho-MK2 cellular localisation was 

compared between RAW246.7 macrophages incubated with siCTRL and siTNC 

via nuclear/cytoplasmic fractionation of the total protein lysate. 

Unfortunately, out of three biological repeats only one showed visible 

phospho- and total-MK2 protein bands as well as p38α and phospho-p38α 

within the nuclear fraction. Densitometric analysis was utilised semi-quantify 

p38α banding. 
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p38α showed a non-significant increase in cytoplasmic abundance in steady-

state cells incubated with siTNC (p=0.520), this difference disappearing upon 

15min LPS treatment (p=0.998) (Figure 4.5.1a/b). In both cells incubated with 

siCTRL and siTNC 15 mins LPS stimulation appears to elicit an increase in 

cytoplasmic phospho-p38α (Figure 4.5.1a/c). No cytoplasmic  MK2 or 

phospho-MK2 was detectable, with nuclear levels remaining equivalent 

between  treatments (Figure 4.5.1a). 

Figure 4.5.1: TNC knockout may increase the abundance of cytoplasmic p38 in 

resting cells. RAW 246.7 macrophages were transfected with 10nM of non-targeting 

control or TNC siRNA using lipofectamine RNAiMAX then either unstimulated or 

stimulated with 100ng/mL pf LPS for 15 minutes before the protein contents of the 

nuclear and cytoplasmic compartments were fractionated. a) Western blotting was 

used to determine phospho-p38, total p38, phospho-MK2 and total MK2 expression 
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in the cytoplasm and nuclear compartments. Lamin-AC and α-tubulin were used as 

nuclear and cytoplasmic loading controls, respectively. Densitometry was performed 

using Image J software with b) total p38 and c) phospho-p38 band density 

within the cytoplasm calculated relative to that of α-tubulin. ± SEM; n≥2; two-

way Anova with Sidak’s multiple comparison test. 

The increase in cytoplasmic p38α is in-line with previous evidence showing 

increased p38α expression in steady-state cells. However, the lack of nuclear 

p38α does not conform to studies showing p38α and MK2 to associate within 

the cytoplasm and brings into question the hypothesised MK2 stabilising 

effect of increased p38α in TNC knockdown cells 588. Additionally, no 

upregulation in steady-state total MK2 is visible in the single experimental 

repeat where total MK2 is detected, raising the question of in which 

compartment the upregulated steady-state MK2 reside. 

4.5.2 – Examining the effect of TNC knockdown on MK2 protein recovery 

following prolonged LPS stimulation of RAW 246.7 cells. 

Stimuli which activate the p38-MK2 pathway can be loosely grouped into low 

and high stress based upon the longevity and recoverability of p38 and MK2 

post-stimulation 435. LPS treatment is categorised as a low stress stimulus, 

leading to transient p38α activation and subsequent MK2 phosphorylation. 

Phospho-MK2 dissociates from p38α and is degraded, with newly expressed 

MK2 re-forming stabilising complexes with the now de-phosphorylated p38α, 

thus MK2 successfully recovers to basal levels. However, in response to stress 

stimuli such as UV exposure, which elicit a harsh or prolonged activation of 
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the p38α pathway,  p38α is consistently phosphorylated, preventing newly 

expressed MK2 from being shielded from degradation through complex 

formation 435. Thus, MK2 levels do not successfully recover. 

 

Figure 4.5.2: RAW246.7 macrophages show a characteristic MK2 recovery by 4 

hours after lps stimulation. RAW 246.7 macrophages were either unstimulated or 

stimulated with 100ng/mL of LPS for 15, 30, 60, 120 or 240 minutes, before total 

protein extraction. a) Total MK2 was detected by western blotting. α-tubulin was 

used as a loading control. b) Densitometry was performed using Image J software 

with total MK2 band density calculated relative to that of α-tubulin. n=1.  

As previous examination in TNC knockdown RAW246.7 cells shows reduced 

MK2 abundance after 60mins of LPS treatment, it is possible that TNC 

knockdown may be leading to a cellular stress response, eliciting increased 

MK2 depletion. This could have long term consequences on the cell, 
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potentially facilitating changes in miR-155 expression seen much later in the 

LPS response. 

Prior to the examination of the effect of TN-C knockdown on MK2 recovery, 

the recovery of MK2 post-LPS stimulation in wild-type RAW 246.7 cells was 

assessed. 

An LPS treatment time course was performed, assessing total MK2 expression 

at 120 and 240 minutes additional timepoints. 

MK2 protein abundance was found to be high in steady-state cells, before 

being depleted with 15 and 30 mins of LPS treatment and recovering to a level 

equal to that of steady-state from 60 mins onwards (Figure 4.5.2a/b). 

Based on this information, 0, 15, 60 and 240 mins of LPS treatment were used 

in a follow up experiment alongside siCTRL and siTNC transfection in order to 

assess whether TNC knockdown influences MK2 recovery. 

Due to the usage of the 240 min timepoint, which grants sufficient TN-C 

expression to allow protein detection in the cell lysate, successful knockdown 

of TN-C via siTNC treatment was confirmed (Figure 4.5.3a/b). MK2 abundance 

at 60 (p=>0.999) and 240 mins (p=0.895) post LPS treatment was not affected 

by TNC knockdown, with earlier timepoints showing potentially elevated MK2 

levels in steady-state (p=0.924) and 15-min (p=0.578) LPS treated cells.  

TNC knockdown does not influence MK2 recovery, this showing that even 

with TN-C knockdown LPS treatment remains a low stress p38-MK2 stimuli. It 

is notable however, that the results in this experiment for 0, 15 and 60 min 



220 
 

LPS treatments diverge from those seen previously for these timepoints 

(Figure 4.4.5).  

 

Figure 4.5.3: Tenascin-C knockdown does not impact MK2 recovery. RAW 246.7 

macrophages were transfected with 10nM of non-targeting control or TNC siRNA 

using lipofectamine RNAiMAX then either unstimulated or stimulated with 100ng/mL 

of LPS for 15, 60 or 240 minutes, before total protein extraction. a) Western blot 

analysis was used to semi-quantify TN-C and total MK2 abundance in cell lysates. α-

tubulin was used as a loading control. b) Densitometry was performed using Image J 

software with total MK2 band density calculated relative to that of α-tubulin. ± SEM; 

n=3; two-way Anova with Sidak’s multiple comparison test. 
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4.6.0 – MK2 knockdown and macrophage miR-155 

expression 

MK2 is known to regulate multiple RBPs, some of which, including HuR and 

TTP, being known to regulate pri-miRNA processing 467. Thus, these represent 

a potential means whereby increased MK2 abundance within TN-C 

knockdown cells may lead to the regulation of miR-155 witnessed as a result 

of TN-C modulation.  

With this in mind, the ability of MK2 to regulate miR-155 biogenesis was next 

assessed, utilising knockdown of MK2 to observe whether pri- or mature miR-

155 would potentially be influenced by the increased MK2 abundance elicited 

by TNC knockdown. 

RAW 246.7 cells were transfected with non-targeting scramble control or MK2 

siRNA with the expression of MK2 mRNA and pri- and mature miR-155 

measured by qPCR. 

Successful knockdown of MK2 expression was confirmed with a 75% 

reduction in mRNA levels (Figure 4.6.1). However, no discernible change in 

pri- or mature miR-155 expression was seen to occur as a result of MK2 

knockdown except for a small induction of mature miR-155 observed in the 

MK2 knockdown cells stimulated with LPS for 8h (p=0.363). 
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Figure 4.6.1: MK2 knockdown has no significant impact on mature or pri-miR155 

expression. RAW 246.7 macrophages were transfected with 10nM non-targeting 

control or MK2 siRNA using lipofectamine RNAiMAX then either non-stimulated or 

stimulated with 100ng/mL LPS for 4, 8 or 24 hours, before RNA extraction. a) MK2 

expression was quantified by qPCR using HPRT1 as an endogenous housekeeping 

gene. Relative expression was determined via the ΔΔCt method with siCTRL as the 

calibrator. ± SEM; n=3. b) Mature miR-155 was quantified by qPCR using U6 snRNA as 

an endogenous housekeeping gene. Relative expression of miR-155 was determined 

via the ΔΔCt method with siCTRL as the calibrator. c) pri-miR155 expression was 

quantified by qPCR using HPRT1 as an endogenous housekeeping gene. Relative 

expression was determined via the ΔΔCt method with siCTRL as the calibrator. ± SEM; 

n=3; two-way anova with Sidak’s multiple comparison. 

The lack of miR-155 modulation following MK2 knockdown makes the 

hypothesis that TN-C regulates miR-155 via modulation of MK2 unlikely. This 

compounds with previous western blot analysis which shows no impact of 

TNC knockdown on MK2 phosphorylation, the means by-which MK2 would 

regulate RBPs.  
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Overall, this evidence suggest that TN-C could regulate p38α mRNA 

expression in steady-state cells, leading to increased p38α which in turn 

allows increased MK2 abundance through the potential formation of p38α-

MK2 complexes which protect against MK2 degradation. As knockdown 

experiments show that MK2 itself is unlikely to regulate miR-155 expression 

this could be instead orchestrated by p38α which itself may stimulate a 

number of pathways irrespective of MK2 that facilitate changes at the 

microprocessor. 
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4.7.0 – Discussion 

 

Figure 4.7.0: Graphical abstract of key findings. a) Combined findings from these and 

previous integrin modulation experiments conducted by Zordan 511. * = significant 

results. green and red arrows indicate up- or down-regulation of miR-155, 

respectively. X = unchanged miR-155 expression, horizontal lines = unchanged. b) 

Schematic depiction of the regulation of the p38/MK2 pathway by TNC siRNA 

knockdown within steady-state RAW 264.7 cells. Arrows indicate up- or down-

regulation of the labelled molecule. - = No change in abundance. X = an invalidated 

interaction. 

 

Commented [OD1]: Indicate in the second diagram which 
are non-significant MK2/p38 results 
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Previous attempts to identify which receptor(s) facilitates the regulation of 

miR-155 by TN-C utilised function blocking antibodies against TLR4, EGFR, and 

the integrins α9β1, αvβ3 and α5β1 511. These confirmed the non-participation 

of TLR4 and EGFR receptors within this pathway, while treatment with RGD-

peptide, α5β1 mAB and β1 mAB all elicited an unexpected non-significant 

induction in miR-155 expression alongside LPS stimulation. To further clarify 

the role of integrins as TN-C receptors potentially responsible for the 

regulation of miR-155, siRNA treatment was used to reduce expression of 

specific candidate subunits. siRNA knockdown of ITGAV, the gene encoding 

integrin αV, in RAW 246.7 cells elicited a significant downregulation of miR-

155 expression upon 6h LPS induction. Notably, the expression of pri-miR-155 

was unchanged, alluding to a post-transcriptional mechanism of miR-155 

regulation similar to that witnessed with TNC knockdown in BMDMs. 

Integrin complexes containing αV are known to regulate the induction of 

inflammation in multiple cell types, with potential existing for TN-C to 

modulate this activity via the αV binding RGD sequence within the FNIII3 

repeat as well as within the C-terminal FBG 572. Seeding of monocyte derived 

macrophages onto anti-αVβ3 mAbs elicits a rapid and transient activation of 

NF-kB independent of LPS treatment, returning to initial levels after 4 hours 

and with a similar response shown via treatment with the αVβ3 ligand 

vitronectin 589. The transiency of this response may explain the lack of a 

significant change in pri-miR-155 expression within 6h LPS + siITGAV treated 

cells, as by this point αVβ3 has ceased to contribute to pro-inflammatory 

transcriptional activity, with the effect of this upon the mature miR-155 
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population being delayed due to the miRNA biogenesis process. The pro-

inflammatory role of αVβ3 has been further illustrated in mouse macrophage-

like cells P388D1, wherein TLR4 stimulation leads to the formation of a 

positive feedback loop, leading to phosphorylation of focal adhesion kinase 

(FAK) which in turn activates αVβ3 which itself further phosphorylates FAK 590. 

This loop perpetuating inflammation as pFAK stimulates NF-kB activation.  

Multiple integrin complexes containing αV are known to interact with TN-C as 

well as mediating inflammation and thus further validation was necessary to 

identify which may be responsible for the modulation of miR-155. SiRNA 

knockdown of ITGB1 led to a significant increase in miR-155 expression, this 

being mirrored in a non-significant manner in ITGB3 knockdown. Intriguingly 

this upregulation is similar to that witnessed in previous β1 mAb and RGD-

peptide treatment experiments, assumed at the time to be due to endotoxin 

contamination leading to inflammatory induction.  

Contrasting studies utilising other macrophage cell lines, Wang et al., 2019 

found that seeding RAW 246.7 cells onto a 3D biomimetic ECM supplemented 

with an αVβ3 specific RGD peptide led to the promotion of an anti-

inflammatory phenotype 591. This introduces the potential that by using RAW 

246.7 cells alone the role of integrins in the pro-inflammatory cascade may be 

lost. It may also be the case that knocking down specific integrin subunits may 

have unforeseen effects on cell surface integrin populations, with changes in 

the presentation of non-targeted complexes also affecting macrophage 

inflammatory induction.  
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Attempts to replicate the ITGAV knockdown experiment using 8h rather than 

6h LPS treatment proved unsuccessful, instead leading to no change in miR-

155 expression even with a high degree of TN-C reduction. This may be due to 

LPS timepoint specificity, as miR-155 modulation and αVβ3 regulation of the 

macrophage inflammatory response have both been shown to have a specific 

temporal element 589. Additionally, these experiments were performed by 

different scientists using differing RAW 246.7 cell batches, the 6h LPS 

experiments being of a lower passage. Although both remained under 15 

passages thus before the point at-which RAW 246.7 cells are known to 

genetically deviate, this may have led to variation in the cell surface 

expression of integrin αV 592. Further validation using an LPS stimulation time 

course would ascertain the link between LPS timepoint and αV’s regulation of 

miR-155. Additionally, joint knockdown of αV alongside a TN-C gain-of-

function approach such as plating of cells onto a TN-C supplemented ECM 

would give additional insight into whether αV’s potential modulation of miR-

155 is TN-C dependent. 

Overall, the majority of candidate receptors for TN-C’s regulation of miR-155 

have been exhausted, with the candidate-based examination of integrins 

proving problematic due to the multiple complexes each subunit may form 

and the high cost of integrin complex specific inhibitors. Therefore, future 

experimentation must focus upon non-candidate-based approaches that will 

further identify potential TN-C – receptor interactions within macrophage 

cells. Proximity tagging is a relatively new method, utilising a specifically 

engineered enzyme which interacts with a tag inserted into the protein of 
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interest 593. This results in the creation of a short-lived reactive species leading 

to the covalent tagging of neighbouring molecules and facilitating their 

isolation via a tag-based pulldown. Utilising this methodology novel 

interaction partners of ECM bound-TN-C could be identified within the steady-

state and early inflammatory macrophage, with proximity being influenced by 

the biological context, unlike traditional affinity purification approaches. The 

principal challenges of this approach would be the usage of a macrophage cell 

line, with enzyme treatment potentially modifying the cellular inflammatory 

response, and the large size of TN-C (~75nm per arm) placing greater 

importance on enzyme binding site placement as the labelling radius of the 

proximity tagging enzymes is only between 1-10nm 594–596.  

At the opposite end of the prospective TN-C – miR-155 pathway to TN-Cs 

receptor interactions are the events at the microprocessor which lead to the 

post-transcriptional downregulation of miR-155 expression seen in TNC 

knockout experiments.  As of writing exploration of the post-transcriptional 

regulation of miR-155 is non-existent, except for a reported role of the RBP 

KHSRP1 which previous work by Zordan refutes 223,511. However, similar RBPs 

which bind and modulate pri-miRNA association to the microprocessor 

represent a principal means whereby pri-miR-155 processing may be 

modulated. 

Novel bioinformatics analysis of prospective RBP binding domains within pri-

miR-155 was carried out using the oRNAment webtool. This identified binding 

sites for MBNL1 within the 5’ tail region and HNRNPF within the upper stem. 



229 
 

The expression of these RBPs was found to be not significantly affected by 

TNC knockdown in RAW 246.7 cells. However, the binding of RBPs to pri-

miRNAs can be regulated by a number of post-transcriptional mechanism, as 

such knockdown of MBNL1 and HNRNPF using siRNA would provide the best 

means of determining whether these RBPs facilitate miR-155 processing.  

Additionally, two potential assays may be performed in order to identify by 

what means TN-C regulates the microprocessor. Firstly, mass spectrometry of 

Drosha pulldown samples within wild-type and TNC knockout macrophages 

would allow a more generalised view into how the components of the 

microprocessor change between these conditions. Following this, an in vitro 

processing assay, performed using TNC wild-type and TNC knockout 

macrophage lysates, would allow the validation of candidate RBP binding 

sequences within pri-miR-155 through site directed mutagenesis.  

The potential role of the RBP mediator MK2 and its upstream kinase p38α 

within the TN-C miR-155 pathway was examined utilising TNC knockout 

RAW246.7 macrophages at the earliest stages of the LPS inflammatory 

cascade.  

Both MK2 and p38α protein levels were found to be upregulated within TNC 

knockout steady-state cells, with upregulated p38α being determined by 

fractionation to be cytoplasmic. Interestingly, no change in either kinases 

phosphorylation was found to occur. Previous evidence shows TN-C to induce 

p38α phosphorylation within breast cancer, macrophage inflammation and 

multiple models of subarachnoid haemorrhage 302,495,597. This phosphorylation 



230 
 

is attributed to the action of TN-C as an endogenous ligand of TLR4 in all cases 

but breast cancer, where TN-C is hypothesised to signal via integrin β3 495. 

Therefore, the lack of a detectable change in p38α phosphorylation within 

TNC knockdown macrophages is likely due to a combination of the low levels 

of p38α phosphorylated within the non-stimulated steady-state cells 

confounding detection as well as LPS stimulation via the TLR4 pathway 

obscuring the activity of TN-C via the same pathway. Gain-of-function analysis 

of TN-Cs potential ability to signal phosphorylation of p38α could be 

performed through seeding of macrophages on TN-C rich extracellular matrix, 

with the potential resultant increase in p38α phosphorylation being easier to 

detected in steady-state cells.  

Increased p38α levels in steady-state cells can be attributed to an increase in 

mRNA expression, as determined by RNA-SEQ analysis of steady-state TNC WT 

and TNC KO BMDMs. The means by-which TN-C may modulate p38α 

expression is unclear. Macrophages derived from TN-C knockout mice exhibit 

reduced proinflammatory cytokine release upon LPS stimulation 289. 

Meanwhile treatment with soluble TN-C acts to endogenously promote 

inflammation through binding to macrophage surface receptors such as TLR4 

and αvβ3 or α9 integrins, activating the NF-kB, p38 and JNK pathways 

32,302,521,598. Thus, it is unexpected that TNC knockdown leads to an increase in 

the expression of p38α, an inflammatory pathway component. Further 

clarification of p38α expression in RAW 246.7 cells via qPCR alongside an LPS 

time-course is necessary to fully link the transcriptional and protein level 

increase in p38α with TNC knockdown, as well as identifying whether this 
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function of TN-C is LPS-independent. Additionally, gain-of-function analysis of 

TN-C via seeding cells on ECM supplemented with TN-C would further verify 

the impact of TN-C on p38α quantity. 

While MK2 shows a non-significant increase in protein abundance in TNC 

knockout steady-state RAW 246.7 cells, analysis of mRNA expression in TNC 

knockout BMDMs and knockdown RAW 246.7 cells shows no modulation of 

MK2 expression by TN-C. Elevated MK2 levels may instead be due to the 

increased levels of p38α acting to bind and protect MK2 from degradation 435. 

The formation and function of this complex has been previously shown to 

occur in non-stimulated cancer-associated fibroblasts, the prevention of MK2 

degradation facilitating an enhanced initiation of the p38α-MK2 signalling 

pathway upon stimulation 435. However, attempts to coimmunoprecipitate 

p38α utilising an MK2 antibody were unsuccessful due to the Ab heavy chain 

masking MK2 banding and a lack of p38α association to the capture antibody. 

Future incorporation of Ab-bead cross-linking aims to minimise the heavy 

chain banding and allow further optimisation of MK2 pulldown.  

More repeats of TNC knockdown western blot experiments are necessary to 

completely identify whether changes to MK2 phosphorylation are occurring. 

This being due to the variable degrees of phosphorylation between 

independent experiments, potentially caused by minor changes in cell 

treatment or lysate preparation. However, the lack of p38α phosphorylation 

change with TNC knockdown supports the consequential lack of a change in 

MK2 phosphorylation. This coupled with the lack of a significant impact of 
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MK2 knockdown on miR-155 or pri-miR-155 expression making it unlikely that 

TN-C is regulating miR-155 via MK2. A potential still exists for p38α to modify 

miR-155 expression via an alternate, non-phosphorylation dependent 

mechanism or through modification of phosphorylation targets. Therefore, 

future p38α inhibition using the small molecule inhibitor PH797804 or p38α 

siRNA could be used to identify whether p38α may regulate miR-155 and 

whether such a regulation is dependent on p38α abundance (siRNA) or p38α 

phosphorylation (PH797804).  

Overall, the mechanism by which TN-C may regulate miR-155 remains 

unknown. Examination of TN-C receptor candidates has revealed integrin αV 

as potentially regulating miR-155 via a post-transcriptional mechanism, with 

this functionality shown to be highly LPS timepoint dependent. Notably, TN-C 

has been shown to regulate p38α expression, leading to increased protein 

levels of p38α and MK2. However, no evidence for MK2 facilitating a change 

in miR-155 expression or processing has been identified, leading to further 

investigation into the potential role of alternative downstream targets of 

p38α being necessary to validate how modulation of this kinase by TN-C may 

influence inflammatory signalling.  
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The post-transcriptional 

regulation of miRNA and 

its links to tenascin-C in 

the macrophage early 

inflammatory response   
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5.1.0 – Introduction 

A number of biogenesis steps are required in order to synthesise functional 

mature miRNAs from their primary transcript (pri-miRNA). This introduces 

numerous opportunities for post-transcriptional regulation of the miRNA to 

occur, facilitating modulation of miRNA quantity as well as miRNA targeting 

through changes to seed sequence composition and strand selection as a 

result of 3’ or 5’ miRNA end modification 135,599–602.  

One such key processing event is the incorporation and cleavage of the pri-

miRNA transcript by the microprocessor complex, comprised of the RNAse III 

enzyme Drosha and a ds-RNA binding protein DiGeorge Syndrome Critical 

Region 8 (DGCR8) dimer 599–601. The precision and efficiency of pri-miRNA 

processing by this complex is a key determinant of downstream miRNA 

activity, with reduced efficiency leading to lower mature miRNA levels, and 

off-target cleavage giving rise to aberrant downstream pre-miRNA which may 

be detrimental to future processing steps 142,149. 

Piccinini et al., established in 2012 that tenascin-C (TNC) knockout bone-

marrow derived macrophages (BMDMs) show reduced levels of mature miR-

155, leading to a reduction in pro-inflammatory signalling 289. Subsequent 

work in the Piccinini lab found TNC knockout to elicit a reduction in levels of 

pre-miR-155 but not pri-miR-155 511. This and the RNA-immunoprecipitation 

analysis of Drosha outlined previously in this thesis, which identified a 

potential reduction in pri-miR-155 association to Drosha in TNC -/- 
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macrophages, together implicating the microprocessor as a likely site of miR-

155 regulation by TNC 511.  

In this chapter, RNA-sequencing was performed by Novogene on total RNA 

from wild-type and TNC knockout BMDMs either unstimulated or treated for 

4 hours with lipopolysaccharide (LPS) to induce an early inflammatory 

response. This sequencing data was used to establish a) whether there are 

additional miRNAs post-transcriptionally regulated by TN-C in the 

inflammatory context; b) what determines whether a miRNA is subject to 

regulation by TN-C; and finally, if this regulation can be linked to known 

regulatory events at the microprocessor. 

To accomplish this, bioinformatic analysis was utilised to isolate whether a 

specific miRNA’s change in expression due to TNC knockout is likely caused by 

transcriptional or post-transcriptional regulation. Additionally, the occurrence 

of pri-miRNA cis-regulatory elements and their potential links to TN-C 

mediated regulation of miRNAs through the microprocessor were examined. 

Surprisingly, TNC knockout in LPS induced macrophages was associated with a 

general reduction in mature 5p miRNAs and an upregulation of mature 3p 

miRNAs in a pattern indicative of miRNA arm-switching. Unfortunately, no 

specific cis-regulatory elements, microprocessor associated factors or miRNA 

isomerisms could be identified which would account for this apparent TN-C 

dependent modulation of miRNA strand selection. 
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5.1.1 – Hypothesis 

TN-C regulates miR-155 abundance through changes to the association of pri-

miRNA to the microprocessor, this mechanism relying on specific cis-acting 

elements within the pri-miRNA primary and secondary structures (Figure 

5.1.1).  

 

Figure 5.1.1. Schematic representation of research hypothesis and initial objectives. 

This schematic details the hypothesised pathway by-which TN-C post-

transcriptionally regulates miR-155 expression during the macrophage inflammatory 

response. Grey lines represents previously established pathways. Pointed arrows 

indicate stimulation while blunt headed arrows represent inhibition.  

5.1.2 – Objectives 

To assess the global regulation of macrophage miRNAs by TN-C and to identify 

specific miRNA structural and regulatory characteristics which are conducive 

to their regulation. This was achieved by: 
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a) Identifying miRNAs with enhanced expression during the early 

macrophage response to LPS treatment using small RNA-Seq analysis, 

with specialized bioinformatic analyses utilised to identify potential 

post-transcriptional mechanism of regulation shared within these 

miRNAs; 

b) Examining miRNAs with a similar regulatory pattern to miR-155 in 

LPS treated TNC knockout macrophages, using bioinformatic analyses 

to identify common structural and regulatory characteristics within 

their pri-miRNA transcripts; 

c) Exploring potential post-transcriptional events which may facilitate 

the regulation of miR-155 by TN-C, examining miRNA processing 

efficiency, arm-switching events and RNA editing occurrence using 

bioinformatics tools. 

 

5.2.0 - miRNA induction in the early inflammatory response 

to LPS is primarily driven by an increase in transcription 

factor activity. 

5.2.1 - Characterising miRNA expression in early inflammatory BMDMs 

TNC knockout BMDMs had previously been used to establish the role of TN-C 

in the regulation of miR-155, in addition to the role of TNC as an endogenous 

activator of TLR4 signalling 289,511.  
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BMDMs were differentiated from stem cells harvested from TNC WT and TNC 

KO mice. Subsequently macrophages were treated for 4h with LPS or left 

untreated before total RNA extracts were isolated. 4h LPS treatment was 

selected as a timepoint of interest due to it being late enough to allow mRNA 

expressional changes to be apparent and early enough to provide a novel 

insight into miRNA regulation in the early response to bacterial infection. 

Multiplex small RNA libraries were synthesised using total RNA extracts from 

three independent wild-type (WT) / TNC knockout (TNC KO) and non-treated 

(NT) / LPS (LPS) stimulated BMDM samples (Figure 5.2.1). RNA integrity 

was determined at the University of Nottingham using the Agilent 2100 

Bioanalyser system, with all samples showing an RNA integrity numbers (RIN) 

>9. While Novogene further confirmed RNA integrity via nanodrop and 

agarose gel-electrophoresis with a RIN cut-off of >8. 

Non-random adapter sequences were utilised for library generation, with gel 

purification used to isolate 140-160bp fragments corresponding to small RNA 

+ adapter sequences.  

50bp single end reads were generated by Illumina sequencing followed by 

quality control (QC) and mapping of reads to the genome using the Bowtie 

mapping tool 603.  

During QC of the three wild-type LPS treated BMDM samples two showed a 

low abundance of clean reads (48.78% and 52.88%) these being due to a high 

quantity of 3’ adapter null or insert null samples (Sup Figure 7.5.0). The other 
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wild-type LPS samples and the three TNC KO LPS samples had ~90% clean 

reads. 

Bowtie analysis showed consistent mapping of ~80% of sample reads to the 

mouse genome, this potentially indicating sample contamination or error 

during library construction (Sup Figure 7.6.0). It should be noted that at this 

stage two of the LPS WT data-sets consist of ~4 million mapped reads each, 

compared to the ≥~7-8 million mapped reads of the other samples. This may 

introduce a bias, whereby only the higher expressed genes in the LPS WT 

samples are detectable due to a lack of read depth. 

Mature and pre-miRNA annotation was performed by miRdeep2, requiring 

both the mapping of reads to the miRbase 20.0 database of known mature 

and pre-miRNA sequences as well as requiring mature miRNA to show 

alignment to detectable pre-miRNA reads for mapping to be confirmed 604.  

In order to identify miRNA significantly induced or repressed as a result of 4h 

LPS treatment, differential expression analysis was performed comparing WT 

NT and WT LPS small RNA-seq read count data (Figure 5.2.2).  

Differential expression analysis was conducted using DESeq2, this programme 

providing more accurate quantifications of within group variance and 

LogFoldChanges via assumed similarity of variance across genes. DESeq2 

utilises both a p-value of 0.05 and a padj, the latter representing the p-value 

adjusted for multiple testing using the Benjamini-Hochberg method.  
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Figure 5.2.1. Schematic of RNA-Seq workflow and analysis pipeline. Total RNA was extracted 

from wild-type and TNC KO BMDM cells, either untreated or stimulated with 100ng/mL of LPS 

for 4 hours (n=3) by Dr Anna M. Piccinini. The described analysis pipeline was performed by 

Novogene. 
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Figure 5.2.2. LPS treatment stimulates expression of multiple miRNAs which act to 

coordinate early inflammation through a range of pathways in BMDMs. Total RNA was 

extracted from wild-type BMDM cells, either untreated or stimulated with 100ng/mL LPS for 4 

hours (n=3). Small RNA-SEQ and subsequent differential expression analysis was performed 

by Novogene. The differential expression of miRNA between untreated and 4h LPS treated 

BMDMs was depicted using a volcano plot (a) with miRNAs above an adjusted p-value 

threshold showing significant change (padj= 0.05). Significantly upregulated (red), 

downregulated (blue) or non-significant (black) miRNAs are shown. KEGG (c) and GO (d) 

analyses were performed on significantly upregulated miRNAs using mirPath v.3., taking 

predicted miRNA-mRNA interactions from microT-CDS. Results for gene union were 

determined with FDR correction and significance threshold applied (p=<0.05). The 20 most 

significant associations are depicted, with common parent terms removed. 

Eleven mature miRNAs were found to be significantly upregulated (padj < 

0.05) and two downregulated by 4h LPS treatment (Figure 5.2.2a). Of these 

miR-155-5p showed the greatest induction, followed by the miR-155 

passenger strand miR-155-3p. 

To further characterise the role of these miRNAs during early inflammation, 

pathway analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

and gene ontology (GO) were performed (Figure 5.2.2b/c). The DIANA-

mirPath v.3 webtool facilitated the analysis of miRNA associated networks 

using in silico miRNA target predictions from the DIANA-microT-CDS database 

with KEGG and GO analysis performed upon these predicted pathways by the 

webtool 514,605. Notedly, DIANA-Tarbase, a database of experimentally 

supported miRNA-mRNA interactions, was not used as this provided few or no 

results for the majority of the miRNA of interest 606. 
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KEGG analysis using DIANA-mirPath v.3. functions by grouping predicted 

miRNA regulated mRNA into “pathways”, thus predicting “pathways” the 

miRNA dataset may regulate. Interestingly KEGG analysis of miRNA 

significantly upregulated by 4h LPS treatment did not find significant 

associations with any LPS linked inflammatory induction pathways, except for 

MAPK (Figure 5.2.2b). However, the highest associations was found with cell 

adhesion molecules, these being central to the effective migration of 

macrophage cells towards and within inflamed tissue. Additionally, the high 

association with pathways involved in acute myeloid leukemia illustrate the 

known role of macrophage inflammatory miRNA in this malignancy, where in 

particular miR-155 plays a core role607.  

Unlike KEGG, GO analysis instead utilises the ontologies of predicted miRNA 

target mRNA, these categoric descriptors of gene function providing a broader 

view of potential miRNA impacts compared to “pathway” analysis. GO analysis 

found significant links to cell motility, anatomical structure formation and 

cytoskeletal organisation, possibly linking to the implied impact on cell 

adhesion molecules found using KEGG pathway analysis (Figure 5.2.2d). 

Additionally, multiple associations with transcription factor activity and cell-

cell signalling were identified, these potentially having an indirect impact of 

these on inflammatory processes 608. 
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5.2.2 - Examining evidence for the post-transcriptional regulation of 

miRNAs in early inflammatory BMDMs. 

With the identification of miRNAs significantly regulated by LPS treatment, 

literature and database analyses were conducted to assess the presence of 

transcriptional and functional characteristics common between these miRNAs 

(Table 5.2.1). A lack of common characteristics found in those similarly 

regulated by LPS stimulation serving to indicate a potential post-

transcriptional element to a miRNAs regulation. 

microRNA Arm 

preference 
Log2FoldChange Gene location Clustered 

miRNA 
Previous implications in 

LPS stimulation of 

macrophages 

TLR4 associated TF regulation 

 
NF-KB AP-1 CREB 

miR-155-5p 

5p 4.89 

 

BIC (Exonic) N/A Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 

232,609 

+ + - 

miR-155-3p 

5p 4.20 

 

BIC (Exonic) N/A Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 7 

+ + - 

miR-147-3p 

3p 4.04 

 

AA467197 

(Exonic) 

N/A Upregulated by 

4h LPS 6 

Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 7 

+232 - - 

miR-147-5p 

3p 3.14 

 

AA467197 

(Exonic) 

N/A Upregulated by 

2h, 4h and 8h 

LPS+IFN-Y 609 

+232 - - 
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miR-146b-3p 

5p 2.42 

 

Outside of 

gene 

N/A Upregulated by 

1h, 2h and 8h 

LPS+IFN-Y 609 

- - - 

miR-199a-5p 

5p 1.80 

 

Dnm2 

(Intronic) 

N/A Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 609 

- + + 

miR-455-5p 

3p 1.71 

 

Col27a1 

(Intronic) 

N/A Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 609 

- - - 

miR-1945 

N/A 1.69 

 

Outside of 

gene 

N/A 
 

- + + 

miR-221-5p 

3p 1.69 

 

Gm14636 

(Intronic) 

miR-

222 

Upregulated by 

1h, 2h, 4h and 

8h LPS+IFN-Y 609 

- - - 

miR-21a-3p 

5p 1.26 

 

Vmp1 (Exonic) N/A Upregulated by 

LPS treatment of 

Telocytes for 48h 

611 

- + + 

miR-222-3p 

3p 0.98 

 

GM14636 

(Intronic) 

miR-

221 

 
- - - 

miR-339-3p 

N/A -0.63 

 

LOC118568760 

(Intronic) 

N/A 
 

- + + 

miR-30c-1-3p 

5p -1.35 

 

Nfyc (Intronic) miR-

30f, 

miR-

30e. 

 
- + + 

Table 5.2.1. The majority of differentially expressed miRNAs following 4h LPS stimulation of 

BMDMs can be linked to TLR4-associated transcription factor activity. Total RNA was 
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extracted from wild-type BMDM cells, either untreated or stimulated with 100ng/mL of LPS 

for 4 hours (n=3). Small RNA-SEQ and subsequent differential expression analysis was 

performed by Novogene. The characteristics of miRNA significantly upregulated (red) and 

downregulated (blue) are listed. miRNA arm preference and miRNA clustering are as 

described by miRbase 22.1. Chromosome (Chr) and gene location were identified using NCBI 

genome viewer (GRCm39). TLR4 associated transcription factor (TF) regulation of miRNA was 

determined based upon literature sources and the TransmiR v2.0 database. Symbols are used 

to represent presence (+) or absence (-) of TF association.  

Each pre-miRNA may give rise to a functional mature miRNA from either the 

3’ (3p) or 5’ (5p) strand. Often one strand will consistently show a greater 

abundance across tissues and treatments, with a post-transcriptional event 

such as 3’ pre-miRNA end modification or off-target Dicer cleavage being 

necessary for the alternate strand to become dominant 116. As such the arm 

preference of each differentially expressed miRNA, as listed by the miRbase 

22.1 database, was examined in order to identify instances where the non-

dominant strand is significantly regulated with no such regulation seen in its 

partner strand (Table 5.2.1) 74. miR-146b-3p, miR-455-5p, miR-221-5p, miR-

21a-3p and miR-30c-1-3p were all found to be such non-dominant strands, 

thus implicating a degree of post-transcriptional regulation in their 

modulation by 4h LPS. Further analysis was conducted, comparing the 

expression of each differentially expressed miRNA and its partner strand in 

order to identify potential instances of LPS induced arm-switching, identified 

by both strands showing an opposed change in expression (Figure 5.2.3). 

Intriguingly, no such events were evident.  The dominant strand of miR-1945 

has yet to be determined and thus was not analysed. 
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Figure 5.2.3. The partner strand of each miRNA significantly regulated in LPS treated 

BMDMs shows similar expression characteristics to its dominant strand. Total RNA was 

extracted from wild-type BMDM cells, either untreated or stimulated with 100ng/mL LPS for 4 

hours (n=3). Small RNA-SEQ and subsequent differential expression analysis was performed 

by Novogene. * = significant differential expression. 

Notably, the four mature miRNAs with the highest upregulation following LPS 

treatment represent two pri-miRNA transcripts, pri-miR-155 and pri-miR-147, 

both of which are found within gene exons, BIC and AA467197 respectively. 

The induction of both strands of these miRNAs derived from the same 

transcripts suggests that transcription may be the primary driver of their 

induction.  

To further examine the role of transcription in these LPS regulated miRNAs 

the TransmiR v2.0 database and a literature search were utilised to identify 

the presence of binding sites for the key TLR4 associated transcription factors, 

NF-kB, AP-1 and CREB (Table 5.2.1) 612.  
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Pri-miR-155 and pri-miR-147 were the only two transcripts containing binding 

sites for NF-kB, likely contributing to their high upregulation, with the addition 

of an AP-1 binding site in pri-miR-155 potentially leading to it having the 

highest induction. All other miRNA contained binding sites for AP-1 and CREB 

except for miR-222-3p, miR-221-5p, miR-146b-3p and miR-455-5p.  

5.2.3 - Analysis of miRNA isomerism in inflammatory BMDMs 

Within the miRNA biogenesis pathway post-transcriptional regulatory events 

may give rise to miRNA sequence isomerism, either directly through 

nucleotide modification such as in the case of TUT4 or through indirect 

consequence of changes in RNAse cleavage accuracy 142,613. As such we next 

analysed the occurrence of RNA-sequence changes in miRNA differentially 

expressed by LPS treated BMDMs to gather insight into whether these events 

contribute to LPS-mediated miRNA regulation (Figure 5.2.4). 

The occurrence of miRNA isomerism was determined through alignment of 

unannotated sRNA reads, gathered through the RNA-Seq pipeline, with 

mature miRNA sequences from miRbase 22.1 614. The proportion of sRNA 

reads lacking perfect alignment to mature miRNA, due to the presence of non-

canonical nucleotides, was calculated as a percentage of the mature miRNA’s 

total reads. Using this data the difference in the occurrence of mature miRNA 

modifications within miRNA significantly regulated by LPS was compared in 

non-treated and 4h LPS treated BMDMs datasets (Figure 5.2.4a). No 

significant difference in modification occurrence was identified between the 

groups within any of the miRNA examined. 
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Follow-up analysis was next performed to examine any possible correlation 

between change in miRNA modification occurrence and increased miRNA fold 

change between non-treated and 4h LPS treated BMDMs (Figure 5.2.4b). A 

significant, but weak, correlation was identified, linking increased miRNA 

expression to a decrease in mature miRNA isomerism occurrence (R^2 = 

0.3461; p = < 0.05). As this correlation is weak, this result is likely heavily 

influenced by the presence of an outlier with high variability. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.4. Changes in miRNA expression correlate with miRNA isomerism occurrence in 

4h LPS induced BMDMs. Total RNA was extracted from wild-type BMDM cells, either 
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untreated or stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and subsequent 

differential expression analysis was performed by Novogene. miRNA isomerism events were 

determined through alignment of unannotated sRNA reads with mature miRNA from miRbase 

22.1. Percentage occurrence of miRNA isomerism events are relative to the total miRNA reads 

in that sample. a) The miRNA isomerism occurrence of each differentially expressed mature 

miRNA, ± SD, was compared between non-treated and 4h LPS treated samples. Single / 

multiple Mann Whitney U test; p=>0.05, ns. b) LPS induced significant changes in miRNA 

expression were plotted against each miRNAs change in isomerism occurrence, ± SD, between 

non-treated and LPS treated samples. Simple linear regression; R^2 = 0.3461, p= <0.05*.  

Finally, in order to potentially identify the activity of specific miRNA 

nucleotide modifiers the occurrence of miRNA isomerism within each 

nucleotide of the top three miRNA upregulated by 4h LPS treatment was 

examined (Figure 5.2.5). Known inducers of miRNA isomerism include 

uridyltransferases, which lead to the 3’ addition of uracil nucleotides, or 

cytidine / adenosine deaminases which change cytosine to uracil and 

adenosine to inosine, respectively 126–128. 

Of these miRNAs only miR-155-3p showed an overall significant change in 

miRNA isomerism with LPS treatment (p < 0.05), showing an upregulation in 

isomerism occurrence, in particular a C->U transition at the 3’ terminus 

indicative of cytidine deaminase activity (Figure 5.2.5b). However, it should be 

noted that miR-155-3p’s expression in non-treated cells is exceedingly low 

with no detectable miRNA isomerism and thus reducing the biological 

relevance of this percentage change in isomerism occurrence. Although highly 

variable, miR-147-3p does exhibit high isomerism occurrence, with ~10% of 3’ 

terminal residues being edited in WT cells.  
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Figure 5.2.5. 4h LPS treatment of BMDMs causes a significant overall increase in miR-155-3p 

miRNA isomerism, but not for miR-155-5p or miR-147-3p. miRNA isomerism was determined 

through alignment of unannotated sRNA reads with mature miRNA from miRbase 22.1. 

Percentage occurrence of specific miRNA nucleotide isomerism was determined relative to 

the total canonical nucleotide reads in that sample. The location of each isomerism event 

relative to the 5’ end of the mature miRNA were noted, with miRNA nucleotide isomerism 
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determined ± SD. a) miRNA-155-5p, single/multiple Mann Whitney U; p=>0.05, ns. b) miR-

155-3p, single Mann Whitney U; p=<0.001, ***. Multiple Mann Whitney U; p=>0.05, ns. c) 

miR-147-3p, single/multiple Mann Whitney U; p=>0.05, ns.  

5.3.0 - Tenascin-C knockout in BMDMs causes a global shift 

in inflammatory miRNA expression. 

5.3.1 - Characterising the effect of TNC knockout on miRNA expression in 

early inflammatory BMDMs. 

With previous experimental evidence that TN-C regulates miR-155 post-

transcriptionally during the early LPS response we next aimed to identify 

other miRNA which may be undergoing similar regulation in hopes of deriving 

a shared mechanism by-which TN-C influences miRNA biogenesis. 

Differential expression analysis was performed by Novogene using DESeq2, as 

outline previously, using read count data from TNC wild-type and TNC 

knockout BMDMs stimulated with LPS for 4 hours (Figure 5.3.1a). This analysis 

identified miR-30a-5p, miR-30a-3p and miR-30c-2-3p as the only differentially 

expressed miRNA, with their expression reduced by TNC knockout.  
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Figure 5.3.1. TNC knockout in 4h LPS stimulated BMDMs leads to few differentially 

expressed miRNA, leading to the establishment of a pool of regulated miRNA based upon 

experimentally validated miRNA-155-5p’s differential expression characteristics. This group 

of miRNA share significant associations with multiple pathways previously implicated in 

regulation by TN-C. Total RNA was extracted from wild-type and TNC KO BMDM cells 

stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and subsequent differential 

expression analysis was performed by Novogene. a) The differential expression of miRNAs in 

TNC KO relative to TNC WT was depicted using a volcano plot with miRNAs above an adjusted 



254 
 

p-value threshold showing significant change (padj= 1.301). Significantly downregulated 

(blue) or non-significant (black) miRNAs are shown. b) The group of miRNA used for future 

analysis was created using the –Log p-value of miR-155-5p, -Log p= 0.20899, and the read 

count change of miR-155-5p, ~-3000, as minimum thresholds. miRNAs above (green), below 

(black) and previously found to be differentially expressed (blue) are depicted. KEGG (c) and 

GO (d) analyses were performed on the miRNA-155-5p derived group using mirPath v.3., 

taking predicted miRNA-mRNA interactions from microT-CDS. Results for gene union were 

determined with FDR correction and significance threshold applied (p=<0.05). The 20 most 

significant associations are depicted, with common parent terms removed. 

This analysis did not identify a significant decrease in expression of miR-155 

with TNC knockout even though this has been demonstrated previously 

elsewhere in BMDMs 289,511. Previous qPCR analyses shows miR-155-5p to only 

have a significant reduction in TNC knockout BMDMs after 8 or 24 hours of 

LPS treatment 289,511. Thus, with only 4 hours of induction the abundance of 

miR-155-5p is likely not yet high enough to be significantly changed by TNC 

knockout. However, RNA-immunoprecipitation experiments on TNC 

knockdown BMDMs performed within 2 hours of LPS stimulation showed a 

potential reduction in pri-miR-155 association with the microprocessor, 

implying that even if not significantly changed miR-155 is still being regulated 

by TN-C at this timepoint (Figure 3.1.2). 

This evidence led to the establishment of a pool of miRNAs for use in future 

analysis based upon the differential expression characteristics of miR-155-5p 

in 4h LPS treated TNC knockout BMDMs (Figure 5.3.1b and Table 5.3.1). This 

pool used the p-value (0.61813) and relative read count change (-3000) of 

miR-155-5p as a minimum threshold. This also served to remove miR-30a-3p 
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and miR-30c-2-3p from the analysis pool, as these miRNAs though 

differentially expressed have very low total reads and are thus likely not 

biologically relevant. 

miRNA Log2Fold 

Change 

Read Count 

Change 

P-value* Dominant 

Strand 

miR-30a-5p -1.8587 -15423 2.34E-13 5p 

miR-221-5p -0.94831 -11951 0.011391 3p 

miR-7a-5p -0.75046 -52164 0.052963 5p 

miR-125a-5p -0.71933 -6277 0.096392 5p 

miR-21a-5p -0.58457 -1679937 0.095311 5p 

miR-10a-5p -0.54547 -22063 0.20277 5p 

miR-30d-5p -0.39115 -70725 0.15523 5p 

miR-30e-5p -0.37556 -6167 0.26745 5p 

let-7f-5p -0.35826 -22448 0.16427 5p 

miR-99b-5p -0.34052 -18411 0.33288 5p  

let-7c-5p -0.33346 -5643 0.26746 5p  

miR-146b-5p -0.28129 -14118 0.40549 5p  

miR-26a-5p -0.26787 -22137 0.467 5p 
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miR-125b-5p -0.25421 -3421 0.38115 5p 

miR-99a-5p -0.25209 -25589 0.31028 5p 

let-7a-5p -0.25102 -4610 0.29291 5p 

let-7i-5p -0.24963 -34464 0.41748 5p 

miR-146a-5p -0.20877 -4625 0.47316 5p 

let-7g-5p -0.17779 -5078 0.50439 5p 

miR-191-5p -0.14575 -4989 0.52805 5p 

miR-155-5p -0.12884 -3153 0.61803 5p 

Table 5.3.1. A miR-155-5p calibrated pool of miRNA differentially expressed between WT 

LPS and TNC KO LPS datasets. miRNAs are grouped based upon minimum thresholds set by 

miR-155-5p, known to be regulated by TNC knockout. p-value = <0.61803 and relative read 

count change <-3000. 

Using the newly established pool of TNC KO downregulated miRNAs, KEGG 

and GO analyses were performed as previously, using the DIANA-mirPath v.3 

webtool and DIANA-microT-CDS database in order to identify potential 

pathway links to TN-C (Figure 5.3.1c/d) 514,605. 

KEGG analysis identified multiple associations between downregulated miRNA 

targets and TN-C linked pathways. These include ECM-receptor interactions, 

MAPK signalling, Hippo signalling, regulation of the actin cytoskeleton and 

TGF-beta signalling (Figure 5.3.1c) 311,570,571,615. Meanwhile GO analysis 

associated these miRNAs with TN-C linked ontologies such as morphogenesis, 

cytoskeletal organisation and cell-cell signalling 311,412,616. These terms are also 
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found in the inflammatory associated miRNA-linked ontologies identified 

previously (Figure 5.3.1d), potentially linking the TNC regulated miRNA to 

changes in macrophage morphology indicative of inflammatory activation.  

5.3.2 – TNC knockout increases the abundance of miRNA 3p strands and 

decreases that of 5p strands only in LPS induced BMDMs. 

When compiling the pool of miRNAs downregulated by TNC knockout the 

dataset was observed to primarily consisted of mature miRNAs from the 5p 

strand, with these 5p miRNAs being the dominant strand listed by miRbase in 

all cases but miR-221 (Table 5.3.1). Notably, previous analysis into the 

expression of miRNAs during LPS stimulation showed both 5p and 3p strands 

of various miRNAs to be induced (Figure 5.2.3). This led to a more in-depth 

analysis of miRNA 5p and 3p strands abundance in TNC knockout BMDMs 

(Figure 5.3.2). 
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Figure 5.3.2. TNC knockout in LPS stimulated cells leads to a significant downregulation in 

5p and upregulation in 3p mature miRNA strands. Total RNA was extracted from wild-type 

and TNC KO BMDM cells untreated or stimulated with 100ng/mL LPS for 4 hours (n=3). Small 

RNA-SEQ and subsequent differential expression analysis was performed by Novogene. 

Differentially expressed miRNA were placed into upregulated (>5% read count change, >10 

read count change) and downregulated (<-5% read count change, <-10 read count change) 

groups. The number of 3p and 5p miRNA strands in each group was quantified and significant 

difference between the groups determined by a Fischer’s Test. a) n=107 upregulated, 101 
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downregulated. Fischer’s Test; p=>0.05, ns. b) n=102 upregulated, 102 downregulated. 

Fischer’s Test; p=>0.05, ns. c) n=108 upregulated, n=93 downregulated. Fischer’s Test; 

p=<0.0001, ***, odds ratio=4.28 (2.41-7.80 95% CL). 

Firstly, miRNAs from each complete dataset, not just those calibrated by miR-

155-5p, were placed into upregulated and downregulated groups based upon 

Novogene’s differential expression analysis. miRNAs with a read count change 

percentage greater than 5% and a read count change greater than 10 reads 

were considered upregulated while those with a read count change 

percentage less than -5% and a read count change less than -10 reads were 

considered downregulated by TNC KO. These parameters were chosen in 

order to maximise the number of miRNA sampled within each pool, while also 

keeping the pools at a size where analysis could be performed manually. 

The percentage of 3p and 5p miRNAs in the upregulated and downregulated 

groups of the three differential expression analyses were calculated (Figure 

5.3.2). TNC knockout BMDMs treated with LPS showed a significant difference 

in strand percentages between the upregulated and downregulated groups 

(p=<0.0001, odds ratio=4.28 (2.41-7.80 95% CL)(Figure 5.3.2c), with 35% of 

upregulated miRNAs (n=108) being 5p with this proportion doubling to 70% in 

the downregulated group (n=93). However, when examining differential 

expression groups for TNC KO in non-treated cells (Figure 5.3.2a) and LPS 

treatment in wild-type cells (Figure 5.3.2b) no significant difference in strand 

percentages was found. This implies that it is a combination of TNC knockout 

and 4 hours LPS induction which is inducing the upregulation in 3p and 

downregulation in 5p strands. 
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In order to identify whether changes to miRNA strand abundance in 

upregulated and downregulated groups represented potential arm-switching 

events, 5p and 3p miRNAs within each group were further subdivided and 

compared (Figure 5.3.3). 

5p and 3p miRNAs were classified as “arm-switching” if their alternative 

strand was found within the opposite groups (i.e. if the 5p strand was 

downregulated and the 3p strand was upregulated by TNC KO in LPS treated 

BMDMs). Significantly more 5p arm-switching was identified in the 

downregulated group (24% of miRNAs) compared to the upregulated group 

(1.8% of miRNAs), with the reverse being true for 3p arm-switching (Figure 

5.3.3a/b). No such significant difference was identified in other experimental 

groups except for a significant association of arm-switching 3p and miRNAs 

downregulated in wild-type LPS treated BMDMs compared to non-treated 

BMDMs (12% of miRNAs) (Figure 5.3.3a/b).  

5p and 3p miRNAs were classified as “independent” if their alternative strand 

was not found within either group (i.e. if the 5p strand was downregulated 

and the 3p strand was not up- nor downregulated by TNC KO in LPS treated 

BMDMs). Significantly more independent 5p was identified in the 

downregulated group (34% of miRNA) compared to the upregulated group 

(13% of miRNA), with no significant difference found between the 3p miRNA 

groups nor in the groups derived from WT NT vs TNC KO NT and WT NT vs WT 

LPS differential expression analyses (Figure 5.3.3c/d). 
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 Figure 5.3.3. The downregulation in 5p miRNAs in TNC knockout LPS stimulated BMDMs is 

potentially the result of arm-switching. Total RNA was extracted from wild-type and TNC KO 

BMDM cells untreated or stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and 

subsequent differential expression analysis was performed by Novogene. Differentially 

expressed miRNAs were placed into upregulated (>5% read count change, >10 read count 

change) and downregulated (<-5% read count change, <-10 read count change) groups. The 

following categories of miRNAs were established and quantified in both downregulated and 

upregulated groups with significant difference between the groups determined by a Fischer’s 

Test. a) 5p arm-switching were categorised as 5p miRNAs with their matching 3p strand 

within the other group. Fischer’s Test; p=<0.0005****, odds ratio: 17.33 (4.383-75.62 95% 

CL), ns. b) 3p arm-switching were categorised as 3p miRNAs with their matching 5p strand 

within the other group. Fischer’s Test; p=<0.0005****, odds ratio: 0.08129 (0.01860 to 0.3199 

95% CL), p=<0.05*, odds ratio: 3.333 (1.021 to 9.676% CL), ns. c) Independent 5p were 

categorised as 5p miRNAs with their matching 3p strand not present within the other group. 

Fischer’s Test; p=<0.005***, odds ratio: 3.502 (1.700 to 7.238 95% CL), ns. d) Independent 3p 

were categorised as 3p miRNAs with their matching 5p strand not present within the other 

group. Fischer’s Test; p=>0.05, ns. 

5.3.3 – Analysis of miRNA isomerism in TNC knockout BMDMs during LPS 

stimulation 

One possible explanation for the upregulation in 3p miRNAs caused by TNC 

knockout is a change in miRNA isomerism leading to a modification to the 

process of strand selection. This is the process whereby one of the two miRNA 

strands is bound by the AGO complex while the other is lost and degraded. 

Multiple factors oversee which strand is retained including the 

thermodynamic properties and nucleotide composition of the miRNA termini 
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109,112,113,617. As such miRNA isomerism has been shown to impact strand 

selection through changes to the miRNA ends 135. 

Whether TNC knockout potentially influences miRNA isomerism occurrence 

was next examined using the miR-155-5p calibrated pool of downregulated 

miRNAs (Table 5.3.1). Analysis of miRNA isomerism was performed as 

described previously (Figure 5.3.4). Comparison of miRNA isomerism 

occurrence was conducted between wild-type and TNC knockout 4-hour LPS 

treated BMDMs (Figure 5.3.4a). No significant change in miRNA isomerism 

occurrence was found in any of the downregulated miRNAs. Further analysis 

was performed on the change in miRNA isomerism occurrence of individual 

nucleotides within miR-155-5p and 3p (Figure 5.3.4b/c). miR-155-5p showed 

no significant change in nucleotide isomerism between wild-type and TNC 

knockout while miR-155-3p showed a significant overall increase in isomerism 

occurrence (p < 0.01). miR-155-3p has increased isomerism occurrence at 

multiple sites which show no isomerism in the wild-type, with none of these 

events occurring in > 0.5% of the miRNA population. As such it is unlikely that 

this is a biologically significant effect. 
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Figure 5.3.4. TNC KO in 4h LPS induced BMDMs causes a significant overall increase in miR-

155-3p miRNA isomerism but in other miRNAs. Total RNA was extracted from wild-type and 

TNC KO BMDM cells stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and 

subsequent differential expression analysis was performed by Novogene. miRNA isomerism 

events were determined through alignment of unannotated sRNA reads with mature miRNA 
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from miRbase 22.1. Percentage occurrence of miRNA isomerism events is relative to the total 

miRNA reads in that sample.  a) The miRNA isomerism occurrence within the miR-155-5p 

derived group, ± SD, was compared between TNC KO and wild-type 4h LPS treated samples. 

Single / multiple Mann Whitney U test; p=>0.05, ns.  b) Percentage occurrence of specific 

miRNA nucleotide isomerism events was determined relative to the total canonical nucleotide 

reads in that sample. The location of each isomerism event relative to the 5’ end of the 

mature miRNAs was noted, with miRNA isomerism occurrence determined ± SD. miRNA-155-

5p, single/multiple Mann Whitney U; p=>0.05, ns. c) miR-155-3p, single Mann Whitney U; 

p=<0.01, **. Multiple Mann Whitney U; p=>0.05, ns.  

The upregulation of the 3p strand by TNC knockout is interesting, especially 

with this solely occurring in LPS stimulated cells. How this occurs is yet 

unexplained, with our examination of miR-155-3p showing a significant 

induction of miRNA isomerism events but none of a large enough frequency 

to warrant a change in strand selection.  

5.4.0 – Analysis of pri-miRNA cis-acting elements in TNC 

knockout macrophages 

5.4.1 – Examining the association between regulation of miRNA by TN-C 

and the presence of cis-acting elements. 

Previous experimental evidence gathered in collaboration with Nicole Zordan 

indicated that the regulation of miR-155 by TN-C potentially occurs in part due 

to a reduction in pri-miR-155 associating with the microprocessor. This led to 

our next method of analysis, conducting a comprehensive annotation of pri-

miRNA features and motifs linked to regulation of microprocessor activity 
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before using the RNA-SEQ dataset to examine correlations between the 

presence of these cis-acting elements and miRNA regulation by TN-C. 

In brief, multiple cis-acting pri-miRNA elements are known to modulate 

miRNA-microprocessor association and resultant pri-miRNA cleavage. 

Amongst these are the CNNC, basal UG, basal mGHG, apical mGHG and apical 

UGUG motifs, as well as lower stem stability and the size of the apical loop, all 

being shown to have differing impacts on pri-miRNA-microprocessor 

association and cleavage (Figure 5.4.1) 142,146,147,149.  

 

Feature Motif / Characteristic Location Impact on pri-miRNA 

processing 

References 

Basal UG UG 5’ -14 Facilitates DROSHA 

binding 

258 

Apical UGUG UGUG (UGU/GUG) 5’ +21/22/23 Facilitates DGCR8 

binding 

258 

Basal mGHG G(A/T/C)G 

Must be aligned 

No bulge 

Score >38 

5’ -7 to -5 

3’ -5 to -3 

Improves accuracy of 

Drosha processing 

142 

Apical mGHG G(A/T/C)G 

Must be aligned 

No bulge 

Score >38 

-7 from apical 

loop 

Causes off-target 

Drosha binding  

149 

CNNC CNNC (DNNC/CNND) 3’ +17 Common motif for RBP 

co-factors  

161 

Lower-stem 

stability 

Fewer than 4 mismatches 5’ -1 to -13 Facilitates DROSHA 

binding 

153 

a) 
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Apical loop 

size 

N/A Beginning of 

the apical loop 

Aids DGCR8 

incorporation 

618 

 

 

Figure 5.4.1. cis-regulatory features of pri-miRNA transcripts have a significant impact on 

miRNA processing. a) Key cis-regulatory pri-miRNA elements, their sequence, location and 

impact on pri-miRNA processing are summarised. This served as a guide for downstream 

identification of these features. b) A schematic representation of a pri-miRNA transcript with 

critical cis-regulatory features and structural elements labelled, as well as the association of 

Drosha and the DGCR8 dimer in the microprocessor complex. 

5.4.2 – Lower stem region stability is the only cis-regulatory element of 

pri-miRNA associated with miRNAs downregulated by TNC knockout. 

In order to identify cis-acting elements potentially linked to the regulation of 

pri-miRNA by TN-C within LPS stimulated macrophages the occurrence of 

these features in miRNA regulated by TNC KO in 4h LPS treated BMDMs was 

assessed. 

In order to identify whether downregulated miRNA, derived from the miR-

155-5p calibrated pool outlined previously (Table 5.3.1), were associated with 

particular cis-regulatory elements a control pool of miRNA was created. 

miRNA from the complete WT LPS vs TNC KO differential expression analysis 

dataset showing a percentage read count change between -5% and 5%, and 
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an absolute read count change of between -100 and 100 were utilised (Table 

5.4.1).  

Table 5.4.1. Control miRNA dataset. miRNAs derived from the WT LPS vs TNC KO LPS 

differential expression analysis. % read count change <5% and >-5% and an absolute 

read count change >-100 and <100. 

miRNA Log2Fold Change Read Count Change P-value* 

miR-351-5p 0.055505 35 0.84263 

miR-125b-2-3p 0.055473 79 0.87629 

miR-101b-3p 0.042487 61 0.88914 

miR-16-1-3p 0.038158 20 0.91466 

miR-28a-3p 0.024297 8 0.92171 

miR-423-3p 0.012364 71 0.96591 

miR-339-5p 0.0096432 10 0.97161 

miR-130b-5p 0.0027293 3 0.99256 

miR-423-5p -0.0031153 -8 0.99108 

miR-142a-5p -0.0031327 -9 0.98956 

miR-103-3p -0.0038507 -53 0.9847 

miR-17-5p -0.023061 -42 0.93781 

miR-181b-5p -0.023818 -40 0.93398 

miR-27b-5p -0.052214 -15 0.82502 
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Utilising these groups, the abundance of each cis-regulated element was 

determined using the criteria outlined previously (Figure 5.4.1) which follows 

previous analysis performed by Narry Kim (Table 5.4.2 and Table 5.4.3) 153. 

Importantly, our dataset consisted of mouse miRNA while Narry Kim 

examined human miRNAs, which could lead to slight changes in motif 

composition or location, although all motifs have been confirmed to be 

conserved throughout mammals. The occurrence of a “functional” basal or 

apical mGHG motif was determined using Kwon et al., 2019’s previous 

analysis of human mGHG motifs, wherein a “mGHG score” was developed 

through assessing the degree to which each mGHG motif impacted 

processing, with a score > 38 representing a functional motif 142.  
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Table 5.4.2. Control miRNAs cis-regulatory element. The presence of a UG motif at position -

14, a UGUG/UGU/GUG motif at position +21/22/23 and a CNNC/DNNC/CNND motif at +17 

downstream of the 3’ end was determined. >4 nucleotide mismatches from position -1 to -13 

indicated the lack of a stable stem. The presence of a basal mGHG motif at 5’-7 to -5 and 3’ -5  
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to -3 and an apical mGHG motif -7 from the apical loop was determined for 

each miRNA with unaligned sequence and the presence of a bulge or pseudo-

knot disqualifying the motif.  

Table 5.4.3. Downregulated miRNAs cis-regulatory element. The presence of a UG motif at 

position -14, a UGUG/UGU/GUG motif at position +21/22/23 and a CNNC/DNNC/CNND motif 

at +17 downstream of the 3’ end was determined. >4 nucleotide mismatches from position -1 

to -13 indicated the lack of a stable stem. The presence of a basal mGHG motif at 5’-7 to -5 
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and 3’ -5 to -3 and an apical mGHG motif -7 from the apical loop was determined for each 

miRNA with unaligned sequence and the presence of a bulge or pseudo-knot disqualifying the 

motif.  

In order to identify cis-regulatory elements significantly associated with 

miRNA donwregulated by TNC knockout the occurrence of each cis-regulatory 

element within control and downregulated miRNA groups were compared 

(Figure 5.4.2). 

 

Figure 5.4.2. Lower stem region stability is the only cis-regulatory element of pri-miRNAs 

that significantly occurs in miRNAs downregulated in TNC knockout samples. Total RNA was 

extracted from wild-type and TNC KO BMDM cells stimulated with 100ng/mL LPS for 4 hours 

(n=3). Small RNA-SEQ and subsequent differential expression analysis was performed by 
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Novogene. miRNAs were grouped based upon the effect of TNC knockout on their expression 

in 4h LPS induced samples into downregulated (% read count change=<-5%, read count 

change=<-3000, n=22), upregulated (% read count change=>5%, read count change=>1000, 

n=15) and control (% read count change=-5%-5%, read count change=-100-+100, n=14) 

groups. a) The presence of a UG motif at position -14 was determined for miRNA in each 

group. b) The presence of a stable stem was determined, with >4 nucleotide mismatches from 

position -1 to -13 indicating instability. This was done for miRNAs in each group. c) The 

presence of a basal mGHG motif at 5’-7 to -5 and 3’ -5 to -3 was determined for miRNAs in 

each group. Unaligned sequence and the presence of a bulge or pseudo-knot disqualified the 

motif. Only functional mGHG motifs with a score >38, derived from the average processing 

impact of human mGHG motifs, were used in the analysis. d) The presence of an 

UGUG/UGU/GUG motif at +21/22/23 was determined for miRNAs in each group. e) The 

presence of a CNNC/DNNC/CNND motif at 3’+17 was determined for miRNAs in each group. f) 

The presence of an apical mGHG motif -7 from the apical loop was determined for miRNAs in 

each group. Unaligned sequence and the presence of a bulge or pseudo-knot disqualified the 

motif. Only functional mGHG motifs with a score >38, derived from the average processing 

impact of human mGHG motifs, were used in analysis. All comparisons were performed using 

a Fischer’s Test, p=>0.05 (ns). 

This analysis showed no significant change in the occurrence of basal UG, 

apical UGUG, apical mGHG, basal mGHG, CNNC motifs nor stable lower stem 

between the two groups (Figure 5.4.2). Between the two groups all the 

motifs, with the exception of the CNNC, were absent in at least half of miRNA.  

The low proportion of miRNAs containing each feature is not surprising as it is 

likely a natural outcome of our strict identification criteria coupled with the 

already reported low abundance of these features 153. The robust presence of 



274 
 

the CNNC motif in all groups reduces the likelihood that an RBP may be 

involved in the regulation of miRNAs by TNC at the microprocessor.  

5.4.3 – The composition of the mGHG motif does not have a significant 

impact on miRNA regulation by TN-C. 

As previously outlined the functionality of an mGHG motif in directing 

DROSHA cleavage of pri-miRNA is dependent on its sequence composition and 

resultant association with the DROSHA dsRBD domain. Previous research by 

Kwon et al., 2019 has created an index of mGHG motifs and their 

experimentally derived processing scores in human pri-miRNA 142. Following 

from examining the abundance of solely “functional” mGHG motifs, which 

surpass the score threshold of 38, I next examined whether a correlation 

exists between miRNA regulation by TN-C and mGHG functionality. 

Using the downregulated and control miRNA groups outlined previously the 

composition of each basal and apical mGHG motif were analysed, with an 

mGHG score derived for each sequence using the Kwon et al., 2019 index 

(Figure 5.4.3). A total mGHG score was derived by subtracting the apical 

mGHG score, with these motifs known to negatively contribute to pri-miRNA 

cleavage, from the basal mGHG score, these motifs being associated with 

increase cleavage fidelity. 

The basal mGHG, apical mGHG and total mGHG score of the two miRNA 

groups were compared, finding no significant difference in score amongst 

them (Figure 5.4.3a/c/e). Likewise simple linear regression analysis comparing 
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each mGHG score to miRNA log fold change with TNC KO found no significant 

association (Figure 5.4.3b/d/f). 

Overall, this analysis showed the regulation of miRNA by TN-C to not be 

associated with the presence or functionality of the mGHG motif.  

Figure 5.4.3. mGHG motif does not have a significant impact on miRNA regulation by TNC. 

Total RNA was extracted from wild-type and TNC KO BMDM cells stimulated with 100ng/mL 

LPS for 4 hours (n=3). Small RNA-SEQ and subsequent differential expression analysis were 

performed by Novogene. miRNAs were grouped based upon the effect of TNC knockout on 

their expression in 4h LPS induced samples into downregulated (% read count change=<-5%, 

read count change=<-3000, n=22) and control (% read count change=-5%-5%, read count 

change=-100-+100, n=14) groups. a) The presence of a basal mGHG motif at 5’-7 to -5 and 3’ -
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5 to -3 was determined for miRNAs in each group. Unaligned sequence and the presence of a 

bulge or pseudo-knot disqualified the motif. mGHG motif score derived from the average 

processing impact of human mGHG motifs were used in analysis (Kwon et al., 2019). The 

score of these motifs was compared between group ± SD. Kruskal wallis; p=>0.05, ns. b) The 

basal mGHG score was compared to the fold change of miRNAs from all the groups caused by 

TNC knockout. Simple linear regression; R^2=0.029, p=>0.05, ns. c) The score of an apical 

mGHG motif -7 from the apical loop was determined for miRNAs in each group with the 

mGHG score derived as above. The score of these motifs was compared between groups ± SD, 

Kruskal wallis; p=>0.05, ns. The apical mGHG score was compared to the fold change of 

miRNAs from all the groups caused by TNC knockout. Simple linear regression; R^2=0.015, 

p=>0.05, ns. e) The combined score of the basal mGHG motif minus the apical mGHG motif 

was determined for miRNAs in each group. The total score of these motifs was compared 

between groups ± SD, Kruskal wallis; p=>0.05, ns. f) The total mGHG score was compared to 

the fold change of miRNAs from all the groups caused by TNC knockout. Simple linear 

regression; R^2=0.029, p=>0.05, ns. 

5.4.4 – Neither apical loop size nor stem binding energy correlate with 

miRNA regulation by TNC knockout. 

Previous analysis failed to implicate lower stem stability in potentially being 

linked to pri-miRNA regulation by TNC KO (Figure 5.4.2b). However, the 

method used to analyse this stability was binary, with a threshold of 4 

mismatched nucleotides classifying a stem as “unstable”, which does not take 

into account the thermodynamic properties imparted by different nucleotide 

compositions and secondary structures 109,112,113,617. In addition, apical loop 

size has also been associated with reduced miRNA enrichment within 

literature sources, thought to be due to a smaller loop impeding DGCR8 

association 147. Through examination of apical loop size and more detailed 
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scrutiny of lower stem stability in pri-miRNAs downregulated by TNC KO, I 

further examined the role of structural cis-acting regulators in TN-Cs 

regulation of pri-miRNAs. 

The secondary structure of pri-miRNAs within the miR-155-5p calibrated 

dataset downregulated by TNC KO was determined using mxfold and pseudo-

viewer packages 515,619. The prior utilises deep learning technology to provide 

a more accurate structure than other packages, while the later specifically 

identifies pseudo-knot structures occurring in some pri-miRNAs. RNA co-fold 

was used to calculate the free energy of binding for each pri-miRNA lower 

stem region with both this and the number of nucleotides in each apical loop 

plotted against miRNA log fold change in expression (Figure 5.4.4) 619. 

Figure 5.4.4. Neither apical loop size nor stem binding energy correlate with miRNA 

regulation by TNC KO. Total RNA was extracted from wild-type and TNC KO BMDM cells 

stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and subsequent differential 

expression analysis was performed by Novogene. miR-155-5p derived miRNA downregulated 

by TNC KO were used for analysis. Pri-miRNA structure was determined using mxfold and 

pseudo-viewer packages. a) The number of nucleotides in the apical loop of each miRNA were 

counted with this plotted against the miRNAs TNC KO induced fold change. b) The free energy 

of binding of each pri-miRNA lower stem was determined by inputting the 5’ -1 to -13 
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sequence and its binding partner into RNA co-fold. Significance of correlation was determined 

using Simple Linear Regression; p=>0.05. 

No significant correlation was found to occur between TNC KO induced pri-

miRNA downregulation and either apical loop size or stem binding free energy 

(Figure 5.4.4a/b). The downregulated miRNA were found to feature a range of 

loop sizes, ranging from 3 to 17nt, with the majority comprising of <7nts 

(Figure 5.4.4b). Although not significant there does appear to be a mild 

correlation between stem binding free energy and miRNA downregulation by 

TNC KO, with free binding energy reducing with reducing miRNA expression. 

Although not showing significant correlations, these findings do conform to 

trends seen in the literature. The abundance of apical loops <7nts in our 

downregulated dataset corresponds to the finding of Roden et al., 2017 that 

apical loops <7nts show reduced enrichment (Figure 5.4.4b) 147. Likewise 

reduced stem-binding free energy in our dataset aligns with reduced miRNA 

expression, possibly representing a decline in DROSHA association with the 

pri-miRNA (Figure 5.4.4a). However, neither structural element’s impact on 

pri-miRNA processing appears to be affected by TNC knockout. 

5.4.5 – Pri-miRNA processing score is significantly higher in miRNAs 

downregulated by TNC knockout. 

When examining cis-acting pri-miRNA features it is important to note that 

each features impact upon pri-miRNA processing is known to be dependent 

on multiple contextual factors including the presence of other features. For 

instance, the presence of a stable stem region or a basal UG and one other 
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feature has been found to be sufficient to enhance effective pri-miRNA 

processing 153. Thus, in addition to these features presence in pri-miRNAs it is 

also of interest to assess the impact the combination of features may have on 

processing and whether there exists a link between pri-miRNA processing 

efficiency and regulation by TN-C. 

In order to quantify the processing efficiency imparted by the various 

combinations of features found within the pri-miRNA dataset a “processing 

score” was calculated (Figure 5.4.5). This score was derived from literature 

sources including a large-scale in vitro processing experiment of all described 

cis-regulatory elements except apical mGHG and apical loop size 153. This 

experiment outlines that the incorporation of a stable lower strand together 

with a basal UG motif had the greatest impact on processing, followed by an 

apical UGUG and a functional mGHG motif. This led to a +2 score being given 

for UG or a stable lower strand in our analysis, while a +1 was given for UGUG 

or mGHG elements. Finally a -1 was given if an apical mGHG was present, this 

motif being associated with reduced productive processing 149.  

The processing score for each pri-miRNA in the respective downregulated or 

control datasets were calculated. In addition, correlation analysis was 

performed on the downregulated group to identify whether a link exists 

between features associated with processing efficiency and downregulated in 

TNC KO (Figure 5.4.5a/b/c)). Finally, pri-miRNAs upregulated or unchanged 

(control) in the wild-type untreated vs wild-type 4h LPS treatment differential 
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expression dataset was examined to identify whether processing score is 

linked to miRNA induction outside of TNC KO (Figure 5.4.5d). 

. 
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Figure 5.4.5. pri-miRNA processing score is significantly higher in miRNA downregulated by 

TNC knockout. Total RNA was extracted from wild-type and TNC KO BMDM cells unstimulated 

or stimulated with 100ng/mL LPS for 4 hours (n=3). Small RNA-SEQ and subsequent 
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differential expression analysis was performed by Novogene. a) Literature analysis was 

performed to identify the relative impact of each cis-regulatory element on pri-miRNA 

processing and a “processing score” was derived 153. b) The processing score of miR-155-5p 

derived miRNAs downregulated by TNC KO were calculated and plotted against their log fold 

change, Simple Linear Regression; R^2=0.07, p=>0.05, ns. c) miRNAs were grouped based 

upon the effect of TNC knockout on their expression in 4h LPS induced samples into 

downregulated (% read count change=<-5%, read count change=<-3000, n=22) and control (% 

read count change=-5%-5%, read count change=-100-+100, n=14) groups. The processing 

score for each miRNA was determined and compared between groups, ± SD. Kruskal-Wallis; 

p=<0.05, *. d) miRNAs significantly upregulated in 4h LPS treated samples relative to wild-

type samples had their processing score compared to a control miRNA group (% read count 

change=-5%-5%, read count change=-100-+100, n=11) ± SD. Mann Whitney U; p=>0.05. 

No significant association was identified by simple linear regression analysis 

between the log fold change in pri-miRNA downregulated by TNC KO and their 

processing scores (p = > 0.05), although a degree of negative association is 

shown to occur (Figure 5.4.5b). Downregulated pri-miRNAs show a 

significantly greater mean processing score of 2.18 compared to the control 

groups 1.13 (p = > 0.05) (Figure 5.4.5c). No significant difference is found to 

occur in processing score between the control and pri-miRNAs upregulated by 

LPS induction in wild-type cells with the control having a mean processing 

score of 1.95 compared to the score of 1.90 for the upregulated group (Figure 

5.4.5d).  

Combining these results creates an intriguing picture of the relationship 

between cis-acting feature linked processing and regulation by TNC KO. 

Downregulation by TNC KO shows an association with increased pri-miRNA 
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processing score (Figure 5.4.5c). This is potentially linked to our sampling 

criteria, which selects miRNA with a high read count change, <-3000, thus 

selecting miRNAs whose pri-miRNA are highly expressed, likely due to efficient 

processing. However, the LPS treated wild-type sample, which does not show 

an association between processing score and upregulation, shows a higher 

average control group score than the TNC KO sample, even though both 

groups were selected by the same criteria (Figure 5.4.5d). This provides 

evidence for TNC KO preferentially regulating miRNAs with a higher 

processing score. Higher processing score is linked to the presence of a basal 

UG or stable lower stem, thus this implicates modifications to DROSHA pri-

miRNA binding in TN-Cs mechanism of miRNA regulation. 
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5.4.0 - Discussion 

 

Figure 5.4.1. Chapter six conclusions and further questions. Although no relationship was 

identified between pri-miRNA elements and their miRNAs regulation by TN-C, evidence for a 

novel mechanism of TNC-dependent miRNA arm-switching has been identified. Grey arrows 

represent potential pathways established outside of this thesis. Question marks note 

pathways in which future investigation is required.  

The macrophage inflammatory cascade has been extensively studied, with 

RNA-seq analysis providing an ideal means of mapping these dynamic 

networks and being utilised to great effect to examine the expression 

characteristics of macrophages in a range of inflammatory contexts. Thus, our 

examination of the expression of miRNA during the early acute-inflammatory 

response to LPS aimed to provide additional depth to this understanding, with 

no previous examination of miRNA having been conducted utilising this 

inflammatory induction methodology.    

RNA-seq analysis of whole RNA extracts from 4h LPS treated BMDMs 

identified eleven significantly upregulated (miR-155-3p, miR-155-5p, miR-147-
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3p, miR-147-5p, miR-146b-3p, miR-199a-5p, miR-221-5p, miR-1945, miR-455-

5p, miR-21a-3p and miR-222-3p) and two downregulated (miR-339-3p and 

miR-30c-1-3p) mature miRNAs. The regulation of a number of these miRNAs, 

including the miR-155 and miR-147 strands, are in accord with a previous 

RNA-seq analysis wherein Lu et al., 2016 examined BMDMs polarised using 

dual treatment with 4hs LPS and IFN-y 609. IFN-y acts as an endogenous signal 

molecule of the JAK/STAT pathway, sensitizing macrophages to further 

enhance their inflammatory induction upon exposure to pathogen products, 

such as LPS’s activation of the TLR4 pathway 620. However, our detection of 

significant changes in miR-21a-3p, miR-1945, miR-222-3p, miR-339-3p and 

miR-30c-1-3p are not found in this previous work, potentially illustrating 

miRNA regulation unique to macrophages induced solely by LPS. LPS 

stimulation of BMDMs without IFN-y priming has been linked to activation of 

a unique subset of TFs and transcriptional co-factors not found in IFN-y 

primed BMDMs, which may account for our uniquely regulated miRNA 620. For 

example, DDX5, a known promoter of miR-21 expression within breast cancer 

cell lines, is upregulated only in solely 4h LPS induced macrophages 620,621.  

RNA-seq analysis of TNC knockout BMDMs stimulated with LPS for 4h was 

conducted, showing a significant downregulation in the expression of miR-

30a-5p, miR-30a-3p and miR-30c-2-3p. miR-30a-5p has been shown to exhibit 

both pro- and anti-inflammatory effects within macrophage cells through 

inhibition of STAT1 and SOCS3 mRNA translation, respectively 622,623. Multiple 

post-transcriptional mechanisms of miR-30a-5p regulation have been 

described. This includes the impairment of microprocessor association via 
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ADAR1 mediated A-to-I editing of pri-miR-30a in macrophage cells and miRNA 

sponging by the lncRNA HCG18, LINC00461, KCNQIOTI and TSIX in 

osteoarthritis, osteoporosis, colorectal cancer and osteolysis respectively 624–

628.  Meanwhile, miR-30a-3p, as the lower expressed strand of miR-30a, is 

minimally studied in the macrophage, with miR-30a-3p-expressing head-and-

neck small cell carcinoma secretomes being shown to induce a pro-

inflammatory phenotype in tumour-associated macrophages, presumably 

through their known inhibition of TGF-β signalling 629. Finally, miR-30c-2-3p 

has been identified as a negative regulator of NF-kB signalling through direct 

targeting of the TNFR/NF-kB adaptor protein tumour necrosis factor receptor 

type 1-associated DEATH domain protein (TRADD) in breast cancer 630.  

Intriguingly, miR-30a-5p and miR-30c-2-3p also exhibit significant 

downregulation due to TNC knockout in non-LPS induced BMDMs, while miR-

30a-3p shows significant downregulation in TNC knockout human fibroblasts 

(unpublished data). This implicates a potential conserved mechanism whereby 

TN-C promotes miRNA expression independent of inflammatory pathways. 

Examination of the TransmiR database identifies serum-response-factor (SRF) 

as one of the TFs predicted to regulate these two miRNA transcripts. Through 

its known regulation of the actin cytoskeleton, TN-C may in turn modulate 

Megakaryoblastic leukemia-1/2 (MAL1/2), the dissociation of which from G-

actin leads to transactivation of SRF-dependent genes 311,631,632. 

Although a novel finding, the regulation of miR-30 family members alone 

provides little insight into the potential post-transcriptional regulation of miR-
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155 by TN-C. As such, direct examination of miR-155 and similarly regulated 

miRNAs was necessary in order to isolate shared features which contribute to 

their regulation by TN-C.  

Piccinini and Zordan previously verified the regulation of miR-155-5p by TN-C 

in BMDMs using both qPCR and northern blot analysis, with previous work 

herein refuting this activity within RAW 246.7 cells (Section 3.3.0), this 

contrasting previous evidence289,511. Corroborating results from RAW 246.7 

cells, this RNA-seq analysis did not identify miR-155-5p as differentially 

expressed when comparing TNC knockout and wild-type BMDMs treated with 

LPS for 4h. This may illustrate the importance of LPS stimulation timing in 

observing maximal miR-155-5p downregulation as a result of TN-C ablation. 

The 4h timepoint for LPS treatment was selected in order to best observe the 

potential regulation of miR-155 resulting from changes to its microprocessor 

binding seen in our RIP analysis using 2h LPS treated RAW246.7 cells. Both 

Zordan and Piccinini identified a significant reduction in miR-155 expression 

by qPCR with 24h LPS treatment, with Piccinini also seeing a significant 

reduction at 8h 289,511. Within both experiments 4h LPS treatment did not elicit 

a significant reduction in miR-155-5p expression in TNC KO BMDMs. The lack 

of significance at 4h is potentially due to TN-Cs regulation of miR-155 relying 

upon an inflammatory factor which is only induced later in the inflammatory 

cascade. In order to fully clarify miR-155s regulation by TN-C via RNA-seq at 

the 4h LPS timepoint changes may be made to our methodology. For example, 

increasing the number of BMDM replicates would reduce the high variability 

of our data likely caused by the differing inflammatory dynamics of BMDMs 
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differentiated from mouse-isolated stem-cells which, although being of the 

same genotype, exhibit differing inflammatory competencies.  Additionally, 

examination of the 8h LPS timepoint in TNC knockout BMDMs via RNA-SEQ 

would better aid examination of miRNAs besides miR-155-5p at a point in 

inflammatory induction where TN-C has an already validated impact on 

miRNA expression. 

In order to examine the similarities between miRNAs regulated by TN-C in 4h 

LPS stimulated BMDMs, the expression profile of miR-155-5p was used to 

generate a pool of miRNAs potentially being regulated by TN-C. Amongst 

others this pool included miR-30a-5p, miR-125a-5p, miR-21a-5p, let-7c-5p, 

miR-125b-5p, let-7i-5p, miR-146a-5p, let-7g-5p and miR-155-5p, all of which 

were previously identified as being significantly regulated by TN-C within 

microarray analysis of TNC KO BMDMs stimulated with 8h LPS 289. Notably, 

follow-up qPCR analysis of miR-21a-5p and miR-146a-5p by Piccinini and 

Midwood 2012 found a non-significant reduction in the miRNAs expression at 

both 4 and 8h of LPS stimulation in wild-type and TNC knockout BMDMs 289. 

This indicates that the impact of TN-C on miRNA expression is subtle, 

potentially with low biological relevancy in miRNAs with a modest 

inflammatory induction, such as miR-146a (~1.75 fold) and miR-21a (~1 fold) 

with 8h LPS treatment, but a notable impact in highly induced miRNA such as 

miR-155-5p (~30 fold) 289.  

In order to ascertain the method by-which TN-C potentially regulates miRNA, 

a novel analysis of miRNAs 5p and 3p strand abundance was conducted. This 
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identified for the first time that significantly more 5p miRNA are 

downregulated than upregulated by TNC KO LPS treated BMDMs compared to 

wild-type LPS treated BMDMs, with the inverse being true for 3p miRNAs. 

Follow-up examination sought to identify whether this regulation of the 5p 

and 3p strands occurred via a process of arm-switching, with the 

downregulation of 5p and upregulation of 3p miRNAs taking place for both 

strands of the same miRNA. Examining miRNAs whose strands were 

differently regulated found the majority of such 5p miRNAs to be 

downregulated and the majority of 3p miRNAs to be upregulated by TNC KO 

in LPS treated BMDMs. Intriguingly, this regulatory pattern is not apparent in 

non-LPS treated TNC knockout samples and wild-type LPS treated samples 

show 3p arm-switched miRNA to be significantly associated with 

downregulation, rather than upregulation. This evidence implicates TN-C in 

the LPS dependent regulation of miRNA strand selection, although multiple 

questions remain as to how this mechanism may occur. 

Only a single-strand of each double-stranded mature miRNA molecule is 

incorporated into the RISC complex, giving rise to distinct targeting dependent 

on the incorporated miRNAs seed sequence.  This process of strand selection 

is dependent on the incorporation of the miRNA strands 5’ end into the 

binding pocket of the Ago protein, located at the interface between the PIWI 

and MID (middle) domains, with the 3’ end incorporating into a hydrophobic 

cavity within the PAZ domain 105–111. Two criteria are thought to determine 

which of the two miRNA strands are incorporated. Firstly, Ago shows an 

incorporation preference for the 5’ end with the lowest internal stability, 
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likely due to the increased access this gives to the MID/PAZ binding pocket 112–

114. Secondly, within human Ago a preference exists for incorporation of 5’ 

terminal uridine monophosphate (UMP) and adenosine monophosphate 

(AMP), with evidence showing that 5’ terminal cytidine and guanosine 

monophosphate sterically clash with a nucleotide specificity loop found within 

the MID domain, this leading to reduced incorporation 106,107,114. These 

characteristics result in one miRNA strand showing consistent higher 

expression, and thus activity within the cell. However, multiple mechanism of 

arm-switching have been observed, whereby a regulatory event leads to a 

dynamic increase in the incorporation of the typically non-dominant strand 

and a decrease in incorporation of the typically dominant strand. Our 

evidence suggests that a large-scale example of such an event may be 

occurring with TNC KO within LPS stimulated BMDMs. Intriguingly, we also 

identified a significant abundance of downregulated 5p miRNA whose 3p 

strand showed no change in expression. This potentially implies a concerted 

mechanism that downregulates 5p miRNA expression, irrespective of whether 

an arm-switching event may arise.  

RNA-remodelling factors have been shown to act upon the exposed 5’ and 3’ 

terminal ends of pri-, pre- and mature miRNA leading to changes in terminal 

nucleotide identify and thermodynamics which result in modified 

incorporation into the RISC. Examples of these include adenosine deaminase 

acting on RNA (ADAR) and 3’ terminal uridyl transferase 4-7 (TUT4-7), which 

regulate miRNA strand selection through adenosine to inosine deamination of 

nucleotides within pri- and pre-miRNA and 3’ uridylation of pre-miRNA, 
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respectively 130,613,624,633,634. Such changes, as is the case for TUT4-7, can in 

turn influence cleavage by Dicer, allowing modifications to the exposed 

termini of pre-miRNA to modify the upstream cut site and new miRNA end 

characteristics 135. However, examination of miRNA isomerism occurrence 

through alignment of unannotated sRNA reads with mature miRNA sequences 

from miRbase 22.1 found no significant change in the percentage of miRNA 

nucleotide isomerism between TNC KO and wild-type BMDMs treated with 

LPS. Additionally, no significant change in isomerism of our key candidate miR-

155-5p was identified via detailed analysis of nucleotide identity. Although 

such examination of miR-155-3p found a significant upregulation in isomerism 

events with TNC KO, due to these new events occurring in <0.5% of strands 

and no specific nucleotide seen to be targeted this can be assumed to be an 

artifact of increased expression. Future expansion of this more detailed 

analysis to the entire miRNA dataset would aid implication of specific 

mechanisms of miRNA nucleotide isomerism due to the characteristic 

nucleotide changes they elicit.  

The second such mechanism for altered strand selection involves 

modifications to microprocessor or Dicer mediated cleavage of the miRNA 

precursors, leading to alternate cut sites and resultant changes to miRNA 

terminal identify and thermodynamics. These events may be instigated via 

changes in the association of biogenesis co-factors, such as the Dicer 

associated factor TRBP and the Drosha associated co-factors DGCR8, DDX5/17 

and SRF3 145,153,635–639. Analysis of pri-miRNA cis-regulatory elements was 

conducted to identify whether TNC KO regulated miRNA are associated with 



292 
 

specific regulatory features. No significant association was found between 

miRNA downregulated by TNC KO and the presence of the CNNC motif, 

responsible for SRF3 binding, the presence of the apical UGU motif and apical-

loop size, which facilitate DGCR8 association, nor the presence of a basal UG, 

the presence or strength of the mGHG motif, or lower stem thermodynamic 

stability, these being responsible for directing and facilitating accurate Drosha 

cleavage of the pri-miRNA 92,142–145,147,148,258.  

Further analysis examined the potential contribution of each cis-acting pri-

miRNA element to a literature based “processing score”, providing a 

quantitative means of comparing the various cis-acting element combinations 

found within each TN-C regulated miRNA. This identified a significant increase 

in processing score in miRNAs downregulated by TNC KO compared to 

unaffected control miRNAs with such a relationship not being found in miRNA 

upregulated by LPS treatment in wild-type cells. These results are intriguing, 

inferring that the regulation of miRNA by TN-C may, rather than being reliant 

on specific cis-acting elements, instead represent a less targeted mechanism 

of regulation in which we see the greatest impact on more efficiently 

processed, and thus more expressed miRNAs, such as miR-155.  

Vitally, our analysis did not examine every cis-acting pri-miRNA element. For 

example, the presence or absence of upper-stem mismatches and bulge 

regions has been shown to modulate pri-miRNA and pre-miRNA processing 

152. Additionally, examination was focused upon elements that regulate at the 

microprocessor and not downstream of the miRNA biogenesis pathway such 
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as the Dicer or RISC incorporation. This is due to past research showing no 

change in pri-miR-155 expression with TNC KO, while downregulation in pre- 

and mature miR-155 were evident, thus implicating regulation at the 

microprocessor 511.  

As the downregulation of 5p miRNAs by TNC KO in LPS treated BMDMs does 

not coincide with an increase in miRNA isoforms, nor an association with any 

co-factor specific pri-miRNA elements, it is potentially the case that TNC KO 

influences strand selection through changes to the RISC complex itself. Heat-

shock cognate of 71kDa (Hsc-70) and Heat-shock protein of 90kDa (Hsp-90) 

act as RISC chaperones, promoting conformational changes to Ago that 

facilitate loading of the miRNA duplex 640–642. Within drosophila, protein 

containing two dsRNA binding domains associated with Dcr-2 (R2D2) and Dcr-

2 showed potential binding to the siRNA end with the highest stability, thus 

presenting the less stable end to Ago2 643. A similar activity was also described 

for the argonaut co-factor TAR RNA-binding protein (TRBP) and protein 

activator of interferon-induced protein kinase (PACT) leading to the PAZ 

domain of Argonaute binding the less stable miRNA end 637,644. Although both 

of these functions are contested, knockdown analysis of both R2D2 and PAZ 

having no impact on miRNA loading or strand selection, there remains the 

potential for strand selection to be regulated through competitive binding of 

the stable miRNA end by accessory proteins  114,116,645. Although yet to be 

demonstrated directly, phosphorylation within the 5’ nucleotide binding 

pocket of Argonaute is thought to impact its ability to bind several miRNA 

strands. Thus, there is a potential that post-transcriptional modification of 
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Argonaute by TN-C could influence strand selection 646. However, the manner 

in which this could occur that would lead to a downregulation in the 5p strand 

of multiple miRNAs with dissimilar 5’ termini compositions, remains to be 

determined. 

Through RNA-SEQ analysis of TNC KO BMDMs we have made further steps in 

the identification of the mechanism by-which TN-C regulates miR-155. No 

significant association has been identified between miRNAs potentially 

regulated by TN-C and their pri-miRNA cis-regulatory features. This combines 

with a significant association between miRNAs downregulated by TNC KO and 

increased predicted processing efficiency to move focus away from events at 

the microprocessor, implicating increased expression as a targeting factor for 

TN-C regulation rather than the presence of shared structural features. We 

have also identified a potentially novel role for TN-C in the post-

transcriptional regulation of miRNA strand selection within LPS stimulated 

BMDMs. Further RNA-SEQ examination utilising additional biological 

replicates will be necessary in order to validate highly variable early 

inflammatory miRNA expression. Additionally in vitro processing assay may be 

utilised to validate the role of cis-acting elements specifically in miR-155 

regulation by TNC and mass spectrometry used to identify changes in 

microprocessor composition induced by TNC knockout.  
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Chapter 6 

Final Summary 
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6.0.0  - Overall Discussion 

6.1.0  - Summary 

Following from previous work by Nicole Zordan and Anna Piccinini, this 

project aimed to identify by what post-transcriptional mechanism TN-C 

regulates the expression of the key pro-inflammatory miRNA miR-155 within 

the macrophage inflammatory response (Figure 6.0.1) 511.  

 

Figure 6.0.1. Graphical summary. Depicted are the multiple pathway components 

investigated throughout this project in RAW 246.7 macrophages and BMDMs. Grey lines 

featuring red crosses were experimentally invalidated pathways. Lines featuring red question 

marks are prospective pathways and require further validation. Blunt arrow heads represent 

an inhibitory pathway. 

In RAW 246.7 macrophage-like cells the knockdown of TNC expression was 

found to associate with an increase in actin polymerization and stress fiber 

formation. This role of TN-C is widely reported in non-macrophage cell lines, 
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occurring via association of TN-C with integrins such as α9β1 and α5β1, and 

presents a means whereby TN-C has been shown to perform intracellular 

signaling such as via the transcriptional co-factor YAP 311.  Screening of 

potential TN-C associated integrins found knockdown of the ITGAV gene, 

encoding the αV integrin subunit, to elicit a downregulation in mature miR-

155 expression, but not in that of pri-miR-155. This post-transcriptional mode 

of regulation is similar to that witnessed as a result of TN-C knockdown in 

BMDMs, indicating that αV integrin may form part of the TNC-miR-155 axis, 

potentially through a downstream signal instigated by cytoskeletal 

modulation.  

However, the treatment of RAW 246.7 cells with actin cytoskeletal 

modulators, intended to mimic the cytoskeletal re-organization caused by TN-

C, failed to elicit a change in miR-155 expression. This implies that although 

potentially integrin-associated, the modulation of miR-155 by TN-C is likely 

not facilitated by cytoskeletal modulation, this being further corroborated by 

the invalidation of the actin signal transducer YAP’s role in the macrophage 

TNC-miR155 pathway. 

The hippo pathway component YAP has recently emerged as a key regulator 

of macrophage pro-inflammatory induction, being implicated in the antiviral 

response, regulation of reactive oxygen species and TLR4 driven bacterial 

inflammation 394–398. Additionally, outside of the macrophage, YAPs activity 

has been shown to be inhibited by TN-Cs depolymerization of the actin 

cytoskeleton leading to the phosphorylation and resultant cytoplasmic 
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sequestration of YAP away from its nuclear targets 311. One such target of YAP 

within the nucleus is the microprocessor associated protein p72, with YAPs 

association with p72 causing a downregulation in pri-miRNA processing 92. 

Therefore, YAP was selected as a primary candidate, being a potential 

regulator of miR-155 biogenesis downstream of TN-C.  

However, it can be concluded that YAP is not responsible for the 

downregulation of miR-155 biogenesis witnessed as a result of TN-C 

knockdown in RAW 246.7 cells. Ectopic expression of YAP, although eliciting a 

significant upregulation in miR-155 expression, also led to upregulated pri-

miR-155 expression, this corresponding to a transcriptional mode of 

regulation rather than the post-transcriptional mechanism attributed to the 

regulation of miR-155 in TN-C knockout cells. This finding was further 

corroborated by examination of p65 localization in YAP overexpressing cells, 

which identified a potential decrease in nuclear localized p65 within 1-hour 

LPS stimulation in cells overexpressing YAP. As the NF-κB component p65 is a 

key transcription factor responsible for the TLR4-dependent induction of miR-

155 expression, it is likely that through reduced nuclear localization of p65 

YAP may regulate miR-155 transcription 241. Finally, YAP proved to be of 

exceedingly low expression in RAW 246.7 cells, with immunoblotting analysis 

failing to detect YAP protein and qPCR only able to detect YAP mRNA close to 

the assay’s threshold. Such low abundance of YAP is noted in published 

analyses of the protein in macrophages, with these primarily conducted in 

BMDMs which our own analysis show to have a greater degree of YAP mRNA 

expression than RAW 246.7 cells 393,400,404,560,561. Furthermore the lack of 



299 
 

capacity of RAW 246.7 cells to demonstrate the TNC-miR-155 mechanism may 

be in part determined by the low abundance of YAP within this cell line.  

Multiple studies show TN-C to phosphorylate p38α, this inflammatory kinase 

itself responsible for the regulation of miRNA biogenesis components such as 

Drosha and Ago 491,492,494,502,503,509,510. Additionally, through activation of the 

master regulator of RNA-binding proteins, MK2, the p38/MK2 pathway may 

directly regulate p68 and p72, two components of the microprocessor, in 

addition to as of yet unidentified miR-155 targeting RBPs 505. Therefore, the 

impact of TN-C knockdown upon the phosphorylation state and localization of 

p38α and MK2 was assessed. 

Intriguingly, knockdown of TN-C in RAW 246.7 cells, both unstimulated or 

stimulated with LPS, did not elicit a visible change in p38α phosphorylation, as 

was reported previously within breast cancer, macrophage inflammation and 

multiple models of subarachnoid hemorrhage, nor was there a consistent 

phosphorylation of MK2 or change in localization of either protein 302,495,597. 

Instead, total protein abundance of both p38α and MK2 was consistently seen 

to increase in TNC knockdown unstimulated RAW 246.7 cells. Examination of 

RNA-SEQ data, derived from TNC WT and TNC KO resting BMDMs, found TNC 

KO to significantly increase p38α mRNA expression compared to TNC WT. It is 

hypothesized that the resultant increase in p38α protein abundance may in 

turn facilitate stabilization of the MK2 protein, as the p38α-MK2 complex has 

been observed to protect MK2 from proteasomal degradation 435. TN-C 

knockdown/knockout enhancing the expression of the pro-inflammatory 
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pathway component p38α within resting macrophages is unexpected, with 

TN-C knockout macrophages generally showing reduced pro-inflammatory 

cytokine release upon LPS stimulation, while treatment with exogenous TN-C 

promotes inflammation through the activity of the NF-κB, JNK and p38α 

pathways 32,302,521,598.  

It is questionable whether the increased p38α/MK2 abundance elicited by TN-

C knockdown could mediate miR-155 biogenesis without activation of either 

kinase being evident. The knockdown of MK2 showed no change in pri-miR-

155 or mature miR-155 expression, making it unlikely that MK2 plays a role 

within the TNC-miR-155 axis, while further validation of the relationship 

between TN-C and p38α, as outlined below, is necessary to confirm its 

potential for mediating miR-155 biogenesis. 

Through RNA-immunoprecipitation the abundance of pri-miR-155 associated 

with the microprocessor component Drosha was found to be potentially 

reduced in TNC knockout RAW 246.7 cells. This led to an investigation  into 

BMDM miRNAs similarly regulated by TNC knockout as miR-155 and whether 

any pri-miRNA cis-regulatory elements were associated with regulation by 

TNC, as these could facilitate regulation at the microprocessor 153.  

No pri-miRNA cis-regulatory element was significantly associated with miRNAs 

downregulated by TN-C knockout, while analysis of two candidate pri-miRNA 

binding RBPs, HNRNPF and MBNL1 found the expression of neither to be 

significantly changed in TNC knockout RAW 246.7 cells. This analysis, coupled 

with the non-significance of the change in pri-miR-155 association found in 
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the RIP assay, likely due to an insignificant degree of TN-C knockdown, merits 

further investigation of the microprocessor as the location at which TNC 

knockdown mediates miR-155 abundance.  

Intriguingly, examination of RNA-SEQ data in TNC KO BMDMs identified a 

significant reduction in the abundance of 5p strand miRNAs and an induction 

in the abundance of 3p strand miRNAs. This phenomenon was only found to 

occur in LPS-treated cells, and in the majority of cases represents an arm-

switching event, whereby the 5p/3p preference of multiple miRNAs switches 

in order to favor the 3p strand. The mechanism by which this global change in 

miRNA arm preference could occur has yet to be identified, potentially 

requiring modification to the pri-/pre-miRNA cleavage by microprocessor or 

Dicer, leading to changes in miRNA nucleotide end architecture, or the 

recruitment of Ago associated factors which modulate strand-selection. For 

example, p38α has been shown to regulate Ago2 and Drosha localization, the 

latter by a phosphorylation-dependent mechanism 509,510. Therefore, p38α has 

the potential to bind and modify their respective functionality, giving rise to a 

strand bias. 

It is possible that the regulation of miR-155 by TN-C is conducted via this arm-

switching mechanism, with the explosively upregulated miR-155-5p strand 

having its expression attenuated as a result of TNC knockdown. Further in 

vitro analysis of miRNA strand abundance in TNC knockdown macrophages is 

necessary to validate the occurrence of this mechanism. 
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6.2.0  - Concluding Remarks and Future Investigations 

In conclusion, although many questions still remain as to the mechanism by 

which TN-C may regulate miR-155 processing in macrophages, we have 

succeeded in identifying multiple features of this pathway which may inform 

future investigation; notably, the lack of actin cytoskeletal involvement, 

invalidation of YAP as a pathway component, and identification of p38α and 

integrin αV as likely TNC signal transducers. Furthermore, a potential novel 

mechanism of TN-C-dependent miRNA arm-switching has been identified, 

presenting an intriguing means by which a regulated component of the ECM 

may modulate cell-wide inflammatory miRNA biogenesis. Increased 

expression of miR-155 and TN-C is associated with increased severity of 

diseases such as pneumonia, tuberculosis, and sepsis, as well being associated 

with cancers and autoimmune disorders 32,208,289,647,648. Therefore, through 

further clarifying the mechanism by which TN-C regulates miR-155, novel 

therapeutic targets for treatment of these disorders may be established.  

Future investigations may include: 

• Further validation of YAP’s potential regulation of NF-κβ-dependent 

miR-155 transcription 

o Treatment of YAP overexpressing RAW246.7 cells with 

verteporfin, an inhibitor of YAPs nuclear import, would confirm 

whether YAP influences miR-155 expression from within the 

cytoplasm or the nucleus.  
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o Through performing mutagenesis on the potential protein 

binding domains of YAP within the YAP overexpression plasmid 

the involvement of direct YAP binding within this YAP-miR-155 

pathway can be established. For example, the TRAF6-binding 

motif within the PDZ domain-binding motif. 

o FLAG pulldown of the YAP-FLAG produced from the 

overexpression plasmid within RAW 246.7 can be used to 

further confirm which proteins YAP may bind to mediate p65s 

upregulation of miR-155 expression, such as NF-kB 

constituents, TAK1, or TRAF6. 

o As a low YAP expression cell line, RAW 246.7 cell are not 

optimal to establish whether the regulation of endogenous YAP 

leads to changes in miR-155 expression. Therefore, the 

acquisition of a YAP KO BMDM model is necessary, with 

repetition of previous experiments within this model providing 

more biologically relevant insight. 

• The continued investigation of TN-Cs proposed regulation of 

inflammatory miRNA strand-selection in BMDMs. 

o Using qPCR to validate the 5p/3p strand expression of key 

miRNA seen within the RNA-SEQ analysis, such as miR-155. This 

examination would be performed within 4h LPS induced TNC 

KO BMDMs, as well as TNC knockdown RAW246.7 cells, in order 

to clarify whether the impact of TN-C on arm-switching is 

BMDM specific. 
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▪ Further validation using a gain-of-function TN-C model 

can be performed via the utilization of BMDMs plated 

on a TNC-supplemented cell-derived matrix. 

▪ Northern blot analysis of the 3p/5p strands of the three 

highest expressed miRNA identified as undergoing arm-

switching in order to identify the generation of isomiRs, 

with these being compared to a miRNA not seen to be 

arm-switched. 

o Using pre-existing RNA-SEQ data the change in relative 3p/5p 

arm-abundance of each miRNA between the LPS WT and LPS 

TNC KO samples can be calculated. This can be combined with 

the known identities of mature miRNA terminal nucleotides to 

identify potential correlations between arm-switching 

occurrence and miRNA end architecture. This would aid 

identification of RNA modifying events which TNC may facilitate 

within the miRNA undergoing arm-switching.  

▪ In order to confirm whether specific pre-miRNA features 

seen in the RNA-seq analysis may give rise to arm-

switching events, an in Vitro processing assay may be 

performed. This would entail the combination of a 

mutated pre-miRNA sequence, made to contain the 

identified feature, and recombinant Dicer protein, with 

northern blotting used to identify successful cleavage 
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events and whether these are modified by the features 

occurrence. 

• Identification of changes in microprocessor-associated proteins elicited 

by TN-C knockdown and potential miR-155 regulating RBPs using an 

unbiased approach, such as Drosha pull-down in TN-C knockdown 

macrophages followed by mass spectrometry.  
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Supplementary Figure 7.1.0. Amplification efficiency of primers. Standard curves 

were generated for qPCR primers using serial dilutions of cDNA samples.  
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Supplementary Figure 7.2.0. pcDNA3.1(YAP1+FLAG) plasmid diagram.  
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Supplementary Figure 7.3.0. The predicted pri-miRNA secondary structures of 

miRNA downregulated by TNC knockout in LPS stimulated BMDMs. Pri-miRNA 

secondary structures were predicted using Mxfold and pseudoviewer 3.0 web tools 

as described in section 2.8.4. 

 

 



311 
 

Pri-
miRNA 

Structure 

miR-107 

 
miR-30b 

 
miR-185 

 
miR-125b 

 
miR-101b 

 
miR-101a 

 
miR-423 

 
miR-339 

 
miR-142a 

 
miR-103 

 
miR-16 

 
miR-17 

 



312 
 

miR-181b 

 
miR-128 

 
miR-1839 

 
miR-148b 

 
miR-872 

 
miR-27b 

 
miR-130b 

 
miR-28a 

 
miR-351 

 
Supplementary Figure 7.4.0. The predicted pri-miRNA secondary structures of 

miRNA unchanged by TNC knockout in LPS stimulated BMDMs. Pri-miRNA 

secondary structures were predicted using Mxfold and pseudoviewer 3.0 web tools 

as described in section 2.8.4. 
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Supplementary Figure 7.5.0. BMDM small RNA-SEQ sample quality-control. Clean 

reads = total number of clean reads after the removal of the poor-quality reads listed 

in the table as a percentage of total raw reads. Red is used to indicate clean reads 

below <60% of of the total raw reads. KO = TNC knockout; WT = wild-type; U = non-

stimulated; LPS = stimulated with LPS. 
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Supplementary Figure 7.6.0. BMDM small RNA-SEQ sample mapped reads. Mapped 

sRNA = the total reads mapped to the murine genome. Analysis performed by 

Novogene using Bowtie. KO = TNC knockout; WT = wild-type; U = non-stimulated; LPS 

= stimulated with LPS. 
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8.1.0 – Effect of low macrophage confluency on YAP 

expression 

YAP is the primary effector of the hippo pathway, a serine/threonine kinase 

signalling cascade through which extracellular cues such as cell-cell contact 

regulate events, including cell proliferation, differentiation, and tissue 

homeostasis 365. Within this pathway, YAP performs a pro-proliferative 

function, with extracellular cues leading to YAP inactivation and degradation, 

thus contextual factors such as cell confluency may have an impact on YAP 

expression within the macrophage.  

In order to investigate this, YAP protein expression in RAW 246.7 

macrophages seeded at a range of confluences was assessed (Figure 8.1.1a). 

Western blot analysis showed a faint band corresponding to YAP in the cell 

lysates obtained from the condition with the lowest cell density (0.5x10^6 

seeding density) and none in the samples obtained using higher seeding 

densities (Figure 8.1.1b). As the low confluency sample also shows lower 

banding of the loading control (α-tubulin) higher YAP expression could be 

assumed.  
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Figure 8.1.1: Low confluency potentially increases YAP expression in RAW246.7 

macrophages. RAW246.7 macrophages were seeded at varying cell quantities with cell lysis 

performed 24h after seeding. a) Images of macrophages before lysis, 10x magnification. b) 

YAP1 expression was determined by Western Blot using MCF-7 as a positive control and α-

tubulin as a loading control. Representative image from a single experiment. 

An experimental workflow was next devised in order to ensure optimal cell 

confluency during siRNA treatment (~60%), low cell confluency at the end of 

the experiment to maximise YAP expression, and a high enough protein 

concentration in the cell extract. This was facilitated by initially seeding cells in 

a 48-well plate, to attain the correct siRNA confluency, followed by cell 

dissociation and re-plating into 10cm dishes 24h later (Figure 8.1.2a). 
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Figure 8.1.2: Validation of YAP expression in low confluency RAW246.7 macrophages using 

siRNA treatment. a) Schematic diagram of experimental workflow. RAW246.7 macrophages 

were seeded in a 48-well plate, 24 hours later these were transfected with 10nM of non-

targeting control or YAP1 siRNA using lipofectamine RNAiMAX. 24 hours post-transfection 

cells were re-plated on 10cm dishes at either medium (1/2), low (1/4) or very low (1/8) 

dilutions before protein/RNA extraction 24 hours later. b) YAP1 expression was determined 

by Western Blot with either 20 ⴗg or 50 ⴗg protein input. α-tubulin was used as a loading 

control.  Representative image from a single experiment. c) Expression levels of YAP1 mRNA 

were quantified by qPCR using HPRT1 as an endogenous housekeeping gene. Relative 

expression of YAP1 mRNA was determined via the ΔΔCt method with siCTRL medium as the 

calibrator. Data derived from a single experiment, with error bars depicting upper/lower 

bounds.  
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Following this methodology YAP expression was assessed by western blot and 

qPCR (Figure 8.1.2b/c).    

Western blot analysis of cells re-seeded at a 1 in 4 dilution (low confluency) 

showed no evidence of the increased YAP banding seen previously, with the 

faint banding present shown to be non-specific as it is unchanged by siYAP 

treatment (Figure 8.1.2b).  

qPCR analysis showed that cells re-seeded at 1 in 4 (low confluency) or 1 in 8 

(very low confluency) dilutions had their expression of YAP reduced by YAP 

siRNA treatment (Figure 8.1.2c). This contrasting the higher confluency of the 

sample with cells re-seeded at 1 in 2 dilution (medium confluency) that was 

not affected by siRNA treatment.  

Even with YAP expression continuing to be undetectable by western blot, the 

apparent success of the YAP knockdown in qPCR data led to further 

investigation into the impact of YAP knockdown on TN-C and miR-155 within 

low confluency macrophages. 

RAW 246.7 cells were incubated with siRNA for TNC, YAP or both using the 

low confluency methodology. qPCR was utilised to measure YAP, TNC and 

miR-155 expression as a result of this experiment (Figure 8.1.3). 
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Figure 8.1.3: YAP and TN-C knockdown has no effect on miR-155 expression in LPS 

stimulated low confluency RAW246.7 macrophages. RAW246.7 macrophages were seeded in 

a 48-well plate, 24 hours later these were transfected with 10nM non-targeting control, YAP1 

and/or TNC siRNA using lipofectamine RNAiMAX. 24 hours post-transfection cells were re-

plated using a 1/4 dilution, followed by 8h LPS treatment and protein/RNA extraction. a) 

Expression levels of TN-C and YAP1 mRNA were quantified by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression of TN-C and YAP1 mRNA was 

determined via the ΔΔCt method with siCTRL as the calibrator. ± SEM; n=3. b) Mature miR-

155 was quantified by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative 

expression of miR-155 was determined via the ΔΔCt method with siCTRL as the calibrator. ± 

SEM; n=3; one-way anova with Tukey’s multiple comparison. 

siTNC treatment leads to a reduction in expression of both YAP and TNC 

mRNA of ~30%, with siYAP treatment having a similar impact on TNC while 

reducing YAP expression by ~50% (Figure 8.1.3a). Interestingly, dual treatment 

with siTNC and siYAP lead to the greatest reduction in TNC expression, ~75%, 

with only a minor decrease in YAP expression, ~30%. The low degree of TNC 

and YAP knockdown may be due to the cell-dissociation step of the 
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methodology, both genes playing vital roles in adherence and growth which 

may counteract the siRNA induced  reduction of expression 649–652. 

8.2.0 – Establishing an alternative cell model for 

examination of the potential link between TN-C, YAP and 

miR-155. 

8.2.1 – Investigating YAP, TNC and miR-155 expression in candidate cell 

lines. 

RAW 246.7 macrophages exhibit low YAP expression, thwarting loss-of 

function analysis which could identify a potential link between TN-C, YAP and 

miR-155 regulation. As study of the more YAP abundant primary BMDMs was 

not viable, due to incompatibility with siRNA transfection and animal 

dependency, the use of alternative immortalised non-monocytic cell lines was 

explored. 

Alternative cell lines were selected dependent upon their known expression 

of YAP, TN-C, miR-155 and their availability (Table 8.2.1).  

Although showing optimal characteristics, MCF-7 and MDA-MB-231 cells were 

not chosen due to their human origin making them incompatible with pre-

established murine targeting reagents.  

The expression of YAP and miR-155 in NIH-3T3 and EO771 cells were 

examined (Figure 8.2.3). qPCR and western blot analysis showed robust 

expression of YAP in both cell lines (Figure 8.2.3a/c), while qPCR also found 
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consistent miR-155 expression in both cell types (Figure 8.2.3b). This 

validation was sufficient to support future analysis using these cell lines. 

 

Cell line Organism Tissue YAP 

expression 

miR-155 

expression 

TN-C 

expression 

MCF-7 Human Epithelial 

Breast 

Cancer 

22.5nTPM 

(Human 

Protein Atlas). 

Detectable but 

low expression 

level 653.  

~3 fold 

greater 

expression 

than MDA-

MB-231 654,655. 

~45 fold lower 

expression 

than MCF-7 

267. 

0.1nTPM 

(Human 

Protein Atlas). 

Undetectable 

in MCF-7 

lysate 656. 

MDA-

MB-231 

Human Epithelial 

Breast 

Cancer 

106.5nTPM 

(Human 

Protein Atlas). 

Highly 

detectable 

expression 657 

~3 fold lower 

expression 

than MCF-7 

654,655. ~45 fold 

higher 

expression 

than MCF-7 

267. 

23.1nTPM 

(Human 

Protein Atlas). 

Detectable in 

untreated 

cells 658. 

NIH-3T3 Mouse Embryonic 

Fibroblast 

Detectable but 

low expression 

level 659. 

Detectable 

but unknown 

expression 

level 660. 

Unknown 

expression 

level 

E0771 Mouse Epithelial-

like Breast 

Cancer 

Highly 

detectable 

expression 532. 

Detectable 

but unknown 

expression 

level 661. 

Unknown 

expression 

level 

Figure 8.2.1: Table of possible alternative cell lines for examining TNC, YAP and miR-155. 
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Figure 8.2.3: YAP and miR-155 are robustly expressed in NIH-3T3 and E0771 cells. Expression 

levels of YAP1 mRNA (a) and mature miR-155 (b) in E0771 and NIH-3T3 cells was quantified by 

qPCR. Data represents CT values of three technical replicates, ± SD. c) Western blot was 

performed on E0771 and NIH-3T3 lysates to discern YAP1 expression. MCF-7 lysate was used 

as a positive control. 

8.2.2 – Examining potential links between YAP, TNC and miR-155 in NIH-

3T3 cells. 

The abundance of YAP expression in NIH-3T3 cells allowed loss-of-function 

analysis to be performed using YAP and TNC siRNA. This served to both 

discern the potential role of YAP in miR-155 regulation as well as validate 

whether the effect of TNC knockdown on miR-155 expression occurs outside 

of macrophage cells. 

YAP and TNC expression were knockdown using siRNA treatment, with 

relevant gene or miRNA expression examined by qPCR (Figure 8.2.4). Initial 

validation determined 48h of transfection to be the optimal duration for 

maximum YAP knockdown, this being utilised hereon (Figure 8.2.4a). 



324 
 

In response to single (siTNC) and dual (siTNC+siYAP) siRNA treatment, TNC 

mRNA expression was reduced by ~90% with the same occurring for YAP 

mRNA with single (siYAP) and dual (siYAP+siTNC) siRNA treatment (Figure 

8.2.4b). Interestingly, siYAP treatment also halves TNC expression, a similar 

response to that seen previously in low confluency RAW 246.7 macrophages. 

 

Figure 8.2.4: siTNC and siYAP treatment does not impact miR-155 expression in 

unstimulated NIH-3T3 cells. NIH-3T3 cells were transfected with 10nM non-targeting control, 

YAP1 and/or TNC siRNA using lipofectamine RNAiMAX, before RNA extraction. a) Expression 

of YAP1 mRNA in 24h or 48h transfected cells were compared by qPCR using HPRT1 as an 

endogenous housekeeping gene. Relative expression of YAP1 mRNA was determined via the 

ΔΔCt method with siCTRL as the calibrator. Data derived from a single experiment, technical 

replicates = 3, mean fold change presented with error bars depicting ±SD. Percentage 

reduction in fold change is stated. b) Expression of YAP1 and TNC mRNA in 48h transfected 

cells were quantified by qPCR using HPRT1 as an endogenous housekeeping gene. Relative 
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expression of mRNA was determined via the ΔΔCt method with siCTRL as the calibrator. Data 

derived from a single experiment, technical replicates = 3, mean fold change presented with 

error bars depicting ±SD. c) Mature miR-155 was quantified by qPCR using U6 snRNA as an 

endogenous housekeeping gene. Relative expression of miR-155 was determined via the ΔΔCt 

method with siCTRL as the calibrator. ± SEM; n=2. 

Even with highly efficient YAP and TNC knockdown no significant change in 

miR-155 expression occurs with either treatment in NIH-3T3 cells (Figure 

8.2.4c). 

This lack of change in miR-155 expression with siYAP or siTNC treatment is 

hypothesised to be due to the robust expression of miR-155 in NIH-3T3 cells. 

This being orchestrated by a different passive induction mechanism compared 

to macrophage cells wherein miR-155 expression is induced from low to high 

levels following inflammatory induction. It is therefore the interaction of TNC 

with this induction which potentially elicits the downregulation in miR-155. 

In order to potentially replicate the conditions in the macrophage which give 

rise to the regulation of miR-155 by TN-C, induction of miR-155 expression in 

NIH-3T3 cells was attempted (Figure 8.2.5). 

Both LPS and TNF-α stimulation has been shown to induce miR-155 

expression within RAW 246.7 macrophages and BMDMs, with this induction 

being prevented in TNC knockout or siRNA knockdown cells 511. Fibroblasts 

characteristically express TLR4, responding to LPS treatment via the induction 

of pro-fibrotic pathways 662. Whereas, TNF treatment of NIH-3T3 cells is 

characterised by cytotoxicity 663.  
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The pro-fibrotic signal molecule TGF-β is known to induce miR-155 expression 

within normal mammary and coronary artery endothelial cells, this being 

attributed to the downstream effector activity of Smad4 257,664. Moreover, 

TGF-β treatment also enhances mRNA TNC expression, thus showing similar 

functionality as LPS in both enhancing miR-155 and TNC synthesis 499,665.  

 

Figure 8.2.5: Optimisation of miR-155 induction in NIH-3T3 cells using TGF-B and TNF. a) 

NIH-3T3 cells were treated with 100ng/mL of LPS for the durations indicated. Mature miR-155 

was quantified by qPCR using U6 snRNA as an endogenous housekeeping gene. Relative 

expression of miR-155 was determined via the ΔΔCt method with 0h LPS as the calibrator. 

Data derived from a single experiment, technical replicates = 3, mean fold change presented 

with error bars depicting ±SD. b) NIH-3T3 cells were treated with varying dosages of TNF for 

the durations indicated. Mature miR-155 was quantified as above, with 0h TNF as the 

calibrator. Data derived from a single experiment, technical replicates = 3, mean fold change 

presented with error bars depicting ±SD. c) NIH-3T3 cells were treated with varying dosages 
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of TGF-B for 48 hours. Mature miR-155 was quantified as above, with 0 ng/mL as the 

calibrator. Data derived from a single experiment, technical replicates = 3, mean fold change 

presented with error bars depicting ±SD. d) NIH-3T3 cells were treated with 10ng/mL TGF-B 

for the durations indicated. Mature miR-155 was quantified as above, with 0h TGF-B as the 

calibrator. Data derived from a single experiment, technical replicates = 3, mean fold change 

presented with error bars depicting ±SD. 

NIH-3T3 cells treatment with 100ng/mL LPS for 0, 2, 4, 8, 24, 48 and 72 hours 

failed to elicit an induction in miR-155 expression (Figure 8.2.5a). This is 

notable, as the TLR4 expressing NIH-3T3 cells would be expected to respond 

to LPS 666.  

Treatment with 10 or 20ng/mL TNF for 8 or 24h both induced miR-155 

expression with 20ng/mL for 8h causing the largest induction of miR-155 

(Figure 8.2.5b). 

Dosage examination of TGF-β for 48h shows no miR-155 induction with 1, 2 or 

5ng/mL treatment, with 10ng/mL exhibiting a ~10-fold induction in miR-155 

(Figure 8.2.5c). 

Finally, TGF-β time course analysis using as dosage of 10ng/mL found miR-155 

expression to be enhanced with 4h of stimulation rising higher by 8h and then 

sustaining the same induction for 24 and 48h (Figure 8.2.5d). 

With successful induction of miR-155 in NIH-3T3 cells using TGF-β or TNF, 

these treatments were combined with siTNC and siYAP transfection to identify 

whether knockdown of these genes impacts the induction of miR-155 in NIH-

3T3 cells (Figure 8.2.6). 
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As TGF-β is a known regulator of fibrosis, its impact on YAP and TNC 

expression in NIH-3T3 cells was examined alongside siRNA treatment (Figure 

8.2.6a). In all non-siTNC incuabted cells 10ng/mL of TGF- β applied for 24h led 

to an increase in TNC expression compared to non-TGF-β treated cells. This 

aligning with literature evidence of TGF-β as a stimulator of TNC mRNA and 

protein expression 499,665. Otherwise, YAP and TNC knockdown was consistent 

with siRNA treatment.  

YAP and/or TNC knockdown in NIH-3T3 cells treated with 10ng/mL TGF-β for 

24h does not affect expression of miR-155, as determined by qPCR (Figure 

8.2.6b).  

To further examine whether siTNC treatment can reduce miR-155 induction 

caused by TGF-β stimulation, 10ng/mL TGF-β was applied to cells for 0, 8 or 

24h (Figure 8.2.6c). siTNC treatment had no effect on miR-155 expression 

across the timepoints analysed.  

With the failure of TGF-β to induce a TN-C-regulated miR-155 induction, 

20ng/mL TNF was used to stimulate NIH-3T3 cells for 0, 4, 8 or 24h (Figure 

8.2.6d). Although these results produce a promising trend, with siTNC 

reducing miR-155 expression below that of siCTRL, the large degree of 

variability and single biological replicate mean more investigation using TNF 

treatment is necessary. 
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Figure 8.2.6: siTNC and siYAP treatment of stimulated NIH-3T3 cells and the impact on miR-

155. a and b) NIH-3T3 cells were transfected with 10nM non-targeting control, YAP1 and/or 

TNC siRNA using lipofectamine RNAiMAX, followed by stimulation with 10ng/mL TGF-B for 24 

hours and RNA extraction. a) Expression of YAP1 and TNC mRNA were quantified by qPCR 

using HPRT1 as an endogenous housekeeping gene. Relative expression of mRNA was 

determined via the ΔΔCt method with non-treated and non-stimulated samples as the 

calibrator. Data derived from a single experiment, technical replicates = 3, mean fold change 

presented with error bars depicting ±SD. b) Mature miR-155 was quantified by qPCR using U6 

snRNA as an endogenous housekeeping gene. Relative expression of miR-155 was determined 

via the ΔΔCt method with siCTRL as the calibrator. with error bars depicting ±SD c) NIH-3T3 

cells were transfected as outlined above with either 8h or 24h TGF-B stimulation. Mature 

miR-155 was quantified as above with non-treated 0h TGF-B as the calibrator. Data derived 

from a single experiment, technical replicates = 3, mean fold change presented with error 

bars depicting ±SD. d) NIH-3T3 cells were transfected as outlined above with 4, 8 or 24 hours 
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of stimulation with 10ng/mL TNF. Mature miR-155 was quantified as above with non-treated 

0h TNF as the calibrator. Data derived from a single experiment, technical replicates = 3, 

mean fold change presented with error bars depicting ±SD. 

These findings invalidate NIH-3T3 cells as a means of studying potential 

interactions between TN-C, YAP and miR-155. Although these cells express 

these genes in abundance, with stimulation miR-155 remains unchanged by 

TNC or YAP knockdown leading to the conclusion that NIH-3T3 cells do not 

model the same relationship between TNC and miR-155 seen in BMDMs. 

8.3.1 – Investigating the Induction of miR-155 expression in EO771 cells 

EO771 cells were treated with TGF-β (5 or 10ng/mL) or TNF (20 or 40ng/mL) 

for 24h to identify the optimal means of inducing miR-155 expression in this 

cell line. 10ng/mL TGF-β and both dosages of TNF induced miR-155 expression 

(Figure 8.3.1). As 20ng/mL showed the largest induction, 1.83-fold, this 

treatment was further utilised, although notably this induction is far lower 

than the TNC-mediated induction of miR-155 elicited by LPS treatment of 

macrophage cells. 
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Figure 8.3.1: Optimisation of miR-155 induction using TNF and TGF-β. E0771 cells were 

treated with varying doses of TNF and TGF-β as depicted for 24 hours, before RNA extraction. 

Mature miR-155 expression was quantified by qPCR using U6 snRNA as an endogenous 

housekeeping gene. Relative expression of miR-155 was determined via the ΔΔCt method 

with no treatment as the calibrator. Data derived from a single experiment, technical 

replicates = 3, mean fold change presented with error bars depicting ±SD. 

8.4.0 – Examination of known TN-C binding receptors with 

links to miR-155 expression regulation 

8.4.1 – Identification of candidate receptors which may allow TN-Cs 

regulation of miR-155 expression. 

Previous members of the Piccinini lab examined the potential miR-155 

regulatory role of the experimentally validated TN-C binding receptors TLR4, 

EGFR and integrins α9β1, αvβ3 and α5β1 511. Additionally, the non-validated 

Mac-1 receptor and NRP1 co-receptor were also investigated. Inhibition or 

blockage of these candidate receptors failed to elicit the significant change in 
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miR-155 expression indicative of a receptor participating in the TN-C-miR-155 

pathway. Receptors were blocked using function blocking antibodies, peptides 

and small molecule inhibitors which, in most cases, induced miR-155 

expression likely due to their endotoxin content. The results were thus 

inconclusive. 

Here, to overcome this limitation and test the potential role of integrins as  

receptors signalling TN-C-mediated regulation of miR-155 expression, integrin 

subunit knockdown experiments using siRNA technology were designed and 

conducted511. 

A thorough literature search was conducted to identify additional candidate 

receptors with associations to TN-C and involvement in the inflammatory 

response (Table 8.4.1).  

In order to verify the expression of candidate receptors in murine 

macrophages, the fragments per kilobase of transcript per million mapped 

reads (FPKM) for each candidate integrin subunit was gathered from RNA-Seq 

of 4h LPS treated BMDMs (Figure 8.4.1). ITGB1 showed the highest expression 

amongst candidate subunit genes, leading to selection of integrin β1 for 

further validation. Of the β1 associated subunits, α5, α9 and αV genes showed 

the highest expression, although considerably lower than that of ITGB1, and 

thus were examined further.  

Cell surface expression of selected candidate receptors was next investigated, 

providing a more relevant estimation of each candidates TN-C interaction 

potential than mRNA expression alone. Additionally, as BMDMs are difficult-
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to-transfect cells, this analysis allowed the assessment of candidate receptor 

expression within the siRNA-compatible RAW 246.7 cells.  

Candidate 

receptor 

TN-C association Role in 

inflammation 

Macrophage 

expression (BMDM 

RNA-Seq) 

Integrin 

α9β1 

Interaction with TN-

C leading to actin 

depolymerisation 

311,667. 

Α9β1 neutralising 

antibody prevents 

recombinant TN-C 

associated cytokine 

expression in 

macrophages 520. 

Ligand 

administration 

increases pro-

inflammatory 

cytokine 

expression in 

macrophages 

521. 

Α9β1 

neutralising 

antibody 

prevents 

recombinant TN-

C associated 

cytokine 

expression in 

macrophages 

520.  

ITGA9 = 1.00 FPKM 

ITGB1 = 148.00 FPKM 

Integrin 

α5β1 

TN-C association 

prevents actin 

polymerisation 

through inhibiting 

interaction between 

α5β1 and syndecan 

311,413,668. 

Oxidised low-

density 

lipoproteins 

induce NF-kB 

signalling via an 

α5β1-dependent 

mechanism in 

macrophages 669 

ITGA5 = 64.00 FPKM 

ITGB1 = 148.00 FPKM 
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Integrin 

α2β1 

TN-C enhances brain 

tumour-initiating 

cell proliferation 

through an α2β1-

dependent pathway 

670. 

Augments 

effector T cell 

expression of 

IFN-y 671. 

ITGA2 = 0.02 FPKM 

ITGB1 = 148.00 FPKM 

Integrin 

α8β1 

Binds to the TN-C 

RGD domain, 

mediating adhesion 

672. 

N/A ITGA8 = 0.19 FPKM 

ITGB1 = 148.00 FPKM 

Integrin 

αVβ1 

Induces epithelial to 

mesenchymal 

transition through 

binding to TN-C in 

breast cancer cells 

331. 

Upregulated in 

inflammatory 

lymphocyte 

migration 673. 

ITGAV = 0.25 FPKM 

ITGB1 = 148.00 FPKM 

Integrin 

αVβ3 

Blockage of this 

integrin prevented 

cell spreading on 

TN-C and inhibited 

TNC-dependent 

EGF-R clustering 674. 

Co-localises with 

TGFBR2, 

enhancing 

activation via 

TGF-B 675. 

Regulates 

macrophage 

migration and 

phagocytosis 676. 

ITGAV = 0.25 FPKM 

ITGB3 = 0.76 FPKM 

Integrin 

αVβ5 

N/A Mediates 

intestinal 

macrophage 

phagocytosis of 

apoptotic cells 

677. 

ITGAV = 0.25 FPKM 

ITGB5 = 2.62 FPKM 
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Integrin 

αVβ6 

Induces epithelial to 

mesenchymal 

transition through 

binding to TN-C in 

breast cancer cells 

331. 

Binds and 

activates pro-

TGF-β1 678. 

Β6 knockout 

associated with 

skin 

inflammation 

and accelerated 

wound repair 

679. 

ITGAV = 0.25 FPKM 

ITGB6 = 0.00 FPKM 

Integrin 

αVβ8 

N/A Binds and 

activates pro-

TGF-β1, leading 

to immune cell 

recruitment and 

activation 678,680. 

ITGAV = 0.25 FPKM 

ITGB8 = 0.03 FPKM 

NRP1 Activates the TN-C 

dependent FAK/Akt-

NF-kB pathway 681. 

Expression is 

reduced by LPS 

treatment in 

macrophages. 

Loss of NRP1 

elicits a 

proinflammatory 

effect 682. 

NRP1 = 10.82 FPKM 

TGFBR2 N/A Activated by 

NRP1, 

facilitating 

herpesvirus 

internalisation 

683. 

Responsible for 

TGF-B signal 

transduction 

TGFBR2 = 23.11 FPKM 
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driving 

macrophages 

towards a repair 

phenotype 684. 

Table 8.4.1: Table of candidate TN-C receptors and co-receptors. 

Fluorescence-activated cell sorting (FACS) assessment of RAW246.7 

macrophages, non-treated or treated with LPS for 4h, was performed by 

Xingyu Guo. TGFBR2 and integrin β1, α5, α9 and αV antibodies were used for 

detection, with percentage of positive cells and mean fluorescence intensity 

(MFI) calculated using FlowJo software (Figure 8.4.2). 

Integrins β1 and α5 both showed low surface expression in non-treated cells 

which increased dramatically with LPS treatment from 0% to 99.6% and 11.1% 

to 89% of positive cell, respectively, with a matching trend in MFI (Figure 8.4.2 

a and c). αV and α9 surface expression was respectively increased and 

decreased by LPS stimulation, with these and TGFBR2 all showing very low 

percentage of positive cells but featuring high MFIs, indicating that a small 
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population of cells express these receptors in abundance (Figure 8.4.2 b, d 

and c). 

 

 

Figure 8.4.2: Examination of candidate receptor cell surface expression in 

unstimulated and LPS stimulated RAW 246.7 macrophages. RAW 246.7 

macrophages were either non-stimulated or stimulated with 100ng/mL of LPS for 4 

hours. Fluorescence-Activated Cell Sorting was performed on these samples using 

specific antibodies for a) Integrin β1, b) Integrin α9, c) Integrin α5, d) Integrin αV and 
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e) TGFBR2. Samples were analysed using FlowJo software with percentage of positive 

cells and mean fluorescence intensity (MFI) calculated. n=1. The lab procedure was 

performed by Xingyu Guo. 
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9.1.0 – Covid-19 Impact Statement 

The worldwide COVID-19 pandemic began in early 2020, during the first year 

of my PhD, with both the illness and the necessary preventative measures 

taken by the UK government and University of Nottingham significantly 

impacting my academic progress.  

The initial lockdown measures of 2020 led to my first months in the lab of Dr 

Anna Piccinini taking place from home. As a result, initial training in vital lab 

based skills could not be undertaken, with my time instead focused on 

planning and the development of a review paper (Section 10.0.0). This was in 

addition to previous lab members, whose work I would be developing, not 
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being able to demonstrate first hand their techniques and best practices 

before their PhD funding ended during the lockdown.  

Once the initial lockdown ended, I was able to return to the lab during the 

summer of 2020. However, as the number of lab members present at one 

time was limited to avoid potential disease spread, vital one-to-one 

demonstration was difficult, leading to my slow progress even with frequent 

lab attendance. Additionally, as contact with COVID-19 was unavoidable, 

experiments would be frequently interrupted by periods of self-isolation, 

often with cell cultures needing to be restarted in their entirety. 

All of this was in addition to the considerable stress of the situation, worrying 

for the wellbeing of friends and family, as well as for the future.   

 

9.2.0 – Professional Internship Programme 

For three months, from May-July 2022, I conducted an internship with the 

medical writing company, Porterhouse Medical as part of the BBSRC DTP 

professional internship programme (PIP).  

During my time with Porterhouse, I worked on a variety of projects, editing, 

amending, referencing, and writing from scratch multiple forms of copy 

intended for use by health care professionals. 

For example, a focus of my work was to develop slide decks to be presented 

at a global conference on ophthalmology. This helped develop my attention to 

detail, as strict medical compliance laws govern what can and cannot be 
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included in such presentations, with accurate citations and obeyance of 

copyright being just two areas of heavy scrutiny.  

Furthermore, this placement honed my ability to work as part of a team, 

being encouraged to outsource jobs such as the development of graphics and 

editorial scrutiny to specialised creative and editing departments. This 

requiring a skill of its own to succinctly and accurately brief non scientists on 

how to best present the content while being open to their own expertise. 

Finally, the large variety of work led me to experience new areas of science on 

a week by week basis, with ophthalmology, epilepsy, narcolepsy and 

haematology all being areas I developed my knowledge base in, while as a 

whole I gained many insights into the ins and outs of the pharmaceuticals 

industry. 
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