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ABSTRACT 

 

The innate immune response to lipopolysaccharide (LPS) mediated by toll-like receptor 4 

(TLR4) contributes substantially to the morbidity of equine gastrointestinal disease, 

neonatal sepsis and other diseases. MicroRNAs (miRNAs), small non-coding RNA 

molecules acting as post-transcriptional regulators of gene expression, have key roles in 

TLR4 signaling regulation in other species. The central hypothesis of this study was that 

LPS induces differential expression of miRNAs in equine peripheral blood mononuclear 

cells (PBMCs). 

 

PBMCs were isolated from healthy adult horses and cultured with LPS or medium only 

for 2, 4 and 8 hours. Concentrations of inflammatory cytokines were measured in 

supernatants by immunoassay. Illumina Next-Generation Sequencing of the miRNA 

transcriptome was performed in PBMCs at 0, 2 and 4 hours. Selected expression changes 

were verified by qRT-PCR.  

 

327 mature miRNAs were detected in equine PBMCs. Only miR-155 was significantly 

upregulated by LPS. 9 miRNAs showed statistically significant expression changes with 

time. Tumor necrosis factor-α concentration was significantly higher in supernatants from 

LPS-treated cells than controls from 2 hours, while interleukin-10 and interferon-γ were 

increased at 8 hours. miR-155 expression was correlated to all three cytokines.  

 

These data provide a foundation for future research into miRNA involvement in equine 

inflammatory responses. miR-155 is the principal LPS-induced miRNA in horses. 

Bioinformatic target predictions support roles in regulation of innate and adaptive 

immune responses including TLR4 signaling, as in humans. It is thus likely to influence 

the acute inflammatory response to LPS. Further research will be necessary to establish 

its role in naturally occurring disease. 



iii 

 

Endotoxin-induced microRNA expression in equine peripheral blood mononuclear 

cells 

 

Nicholas John Parkinson 

 

 

GENERAL AUDIENCE ABSTRACT 

 

The inflammatory response to bacterial endotoxin is an important part of many diseases 

of the horse, often causing more problems than the bacteria themselves. Small genetic 

fragments known as 'microRNAs' play a key role in regulating the inflammatory response 

in other species, but there is currently no information about this in the horse. This study 

used Next Generation Sequencing technology to measure these microRNAs in horse 

white blood cells, and to assess which microRNAs respond to exposure to bacterial 

endotoxin. One principal endotoxin-responsive microRNA (miR-155) was identified. 

This has known immune regulatory functions in other species, so is likely to influence the 

inflammatory response in the horse. Further research will be necessary to define its role 

in naturally occurring disease, but it could be a potential target for modification of the 

immune response.  
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Chapter 1. Literature Review. MicroRNA involvement in the toll-like receptor 4 signaling 

cascade: potential roles in equine endotoxemia. 

 

 

Introduction 

Endotoxemia, the presence of bacterial lipopolysaccharide (LPS) in the bloodstream and the 

consequent systemic inflammatory response, is a feature of a number of significant clinical 

entities in the horse. These include ischemic intestinal lesions, neonatal sepsis, and septic 

conditions in the adult such as colitis, peritonitis and pleuritis. This study examines a novel 

aspect of the regulation of the LPS-associated inflammatory response, the role of non-coding 

RNA sequences known as microRNAs (miRNAs). The role of these small genetic elements in 

the regulation of immune signaling pathways is gaining increasing recognition in other species, 

but has not to date been investigated in the horse.   

 

 

1. Endotoxemia in the horse 

 

Bacterial lipopolysaccharide: structure 

Lipopolysaccharide, also known as endotoxin, is a major component of the outer cell membrane 

of Gram-negative bacteria, and is a potent activator of the innate immune system. LPS consists 

of three components: a hydrophobic lipid component (Lipid A) that integrates with the 

membrane, a linking core composed primarily of oligosaccharide, and an outer polysaccharide 

structure, the O antigen. O antigens are immunogenic and highly variable, and as such can be 

used for serogrouping bacteria within a species. Escherichia coli, for example, has around 170 

serologically distinct O antigens. The structure of Lipid A, in contrast, is largely conserved 

between species. For this reason, it is the Lipid A rather than the O antigen which is the primary 

activator of the innate immune system: this conservation makes it an ideal target for ‘pathogen-

associated molecular pattern’ (PAMP) receptors on animal cells. Minor differences in Lipid A 

structure between species can however affect affinity for and activity at the host receptor, and 

consequently pathogenicity 
1
. 
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The role of lipopolysaccharide in equine disease 

Endotoxemia, the presence of LPS in the bloodstream and the consequent systemic inflammatory 

response, is a feature of a number of significant clinical entities in the horse. These include 

ischemic intestinal lesions, neonatal sepsis, and septic conditions in the adult such as colitis, 

peritonitis and pleuritis. Circulating LPS was detected using a Limulus amebocyte assay in two 

ponies following experimental small intestinal strangulating obstruction 
2
. Subsequent studies 

have found circulating LPS in 25 to 44% of horses with naturally occurring gastrointestinal 

disease, including both obstructive and inflammatory diseases 
3-7

. Endotoxemia in these cases is 

significantly associated with mortality 
3,6,7

. Active infection or bacteremia is not thought to be a 

prerequisite for endotoxemia in gastrointestinal disease, as LPS (together with other products) 

from normal intestinal flora may be translocated across damaged mucosa. Gram negative 

bacteria are commonly implicated in neonatal sepsis in foals, and circulating LPS has been 

detected in affected foals. High LPS concentrations in these foals have been correlated with 

higher sepsis scores and abnormal hemostatic and fibrinolytic indices. Association with non-

Figure 1. Basic structure of a typical lipopolysaccharide and its relationship with the bacterial membrane. The O 

antigen consists of repeating polysaccharide subunits. ‘P’ indicates a phosphate residue. 
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survival has been variable between studies. Breuhaus and Degraves (1993) 
8
 found increased 

mortality associated with high endotoxin concentrations but no prognostic value of normal 

concentrations, while Barton et al. (1998) 
9
 found no association between detection of circulating 

endotoxin and outcome.  

 

Endotoxemia in non-gastrointestinal diseases has been investigated only rarely in adult horses, 

but circulating LPS has been detected in a number of other conditions including pleuritis, 

osteomyelitis and septicemia 
5
. There is however an established association between 

endotoxemia and laminitis, a common and devastating foot condition involving destruction of 

the laminar attachments between the pedal bone and the hoof wall. Conditions in which 

endotoxemia is a prominent feature, especially gastrointestinal inflammatory conditions such as 

colitis, are known to carry an increased risk of laminitis. Some experimental models of laminitis 

(carbohydrate overload, oligofructose and black walnut extract models) produce signs of 

“clinical endotoxemia” and in some cases the presence of circulating LPS has been confirmed in 

these models 
10

. Furthermore, activation of the inflammatory cascade provides a plausible 

pathophysiological link between endotoxemia and some of the features that have been observed 

in experimentally-induced laminitis, such as microvascular dysfunction, thrombosis and 

inflammatory infiltrate. However, this correlation may not equate to a causal relationship, as 

experimental infusion of lipopolysaccharide alone, even if prolonged or intermittent, consistently 

fails to induce laminitis, and does not seem to induce the changes in gene expression expected 

with experimental induction of laminitis 
11,12

. The nature of the association and potential 

pathophysiologic link between these conditions remains the subject of much debate. 

 

Clinically, assays for LPS are rarely performed, and the term ‘endotoxemia’ is most often used to 

refer to a typical systemic inflammatory response associated with the suspected, but 

unconfirmed, presence of LPS. This clinical syndrome is well characterized and has been 

reproduced in a number of experimental models. The response to intravenous infusion of LPS is 

typified by pyrexia, tachypnea, tachycardia, reduced cardiac output, lactic acidosis, depression, 

injected mucous membranes, altered cecal motility, abdominal pain, coagulopathy, and arterial 

hypoxemia at higher doses. Initial circulating neutropenia is followed by a later neutrophilia 
12-15

. 

In clinical contexts, application of the term ‘endotoxemia’ to this syndrome may be an 
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oversimplification, as other molecules can similarly trigger an exaggerated inflammatory 

response via closely related pathways. These include pathogen-associated molecular patterns 

(PAMPs) from viruses, fungi and both Gram-negative (e.g. flagellin) and Gram-positive bacteria 

(e.g. lipoproteins, lipoteichoic acid and peptidoglycans), as well as host tissue-derived ‘damage-

associated molecular patterns’ (DAMPs) 
16,17

. For this reason, the term ‘Systemic Inflammatory 

Response Syndrome’ (SIRS) is currently preferred in both equine and human medicine, to reflect 

the diverse stimuli for the condition. However, the exquisite sensitivity of the horse to LPS 

compared to other bacterial products and the documented presence of circulating LPS in the 

above conditions justify consideration of LPS as having a central role in many cases of SIRS, 

particularly those involving gastrointestinal compromise or Gram-negative infection 
18

. 

 

Pathophysiology of endotoxemia: the role of toll-like receptors 

The innate immune response to PAMPs such as LPS involves a system of pattern recognition 

receptors, the most important group of which is the toll-like receptor (TLR) family. Toll-like 

receptors are transmembrane receptors that are located on the cell surface or within intracellular 

vesicles in a range of cell types, but especially immune cells and epithelia that are likely to be 

exposed to invading pathogens 
19

. LPS is recognized by TLR4, which also recognizes a number 

of other molecular patterns including fungal mannans and the host-derived DAMP high-mobility 

group box protein-1 (HMGB-1) 
16

. TLR4 is expressed at particularly high levels in peripheral 

blood leukocytes (especially monocytes and granulocytes, with variable expression in 

lymphocytes), tissue macrophages and in the spleen, but there is also substantial expression in a 

range of other tissues including endothelium, gastrointestinal epithelium and lung, with some 

interspecies variation 
20,21

. Other TLRs recognize such diverse PAMPs as lipoteichoic acid and 

Gram-positive lipoproteins (TLR2), double-stranded RNA (TLR3) flagellin (TLR5) and bacterial 

unmethylated cytosine-guanosine dinucleotides (TLR9) 
16,19

. 

 

Toll-like receptor 4 cannot function as an LPS detector in isolation, and interacts with a number 

of other proteins to initiate the inflammatory response. The first stage of the process is binding of 

LPS to circulating LPS-binding protein (LPBP) in plasma. The bound LPS is then transferred to 

CD-14 receptors on the cell surface. The CD-14 receptors present the bound LPS to toll-like 

receptor 4 (TLR4), complexed with the protein ‘myeloid differentiation factor-2’ (MD2), 



5 

 

triggering a conformational change which allows dimerization with a second TLR4/MD2 

complex. This dimerization initiates the intracellular signaling cascade via the recruitment of 

adaptor proteins by the cytosolic domain of TLR4 
16

. In most species, the resulting cascade 

operates via two principal pathways depending on the adaptor protein involved, the myeloid 

differentiation response gene 88 (MyD88) pathway and the ‘TIR-domain containing adaptor 

inducing interferon-β’ (TRIF) pathway. The MyD88 pathway involves recruitment and 

activation of a series of protein kinases (Figure 2), culminating in phosphorylation of the 

inhibitory protein IκB, resulting in degradation which releases the bound transcription factor 

nuclear factor κB (NFκB). NFκB is then transferred to the nucleus where it initiates the 

transcription of a wide range of genes, including cytokines such as tumor necrosis factor α 

(TNFα) and interleukins. The MyD88 pathway also leads to activation of the mitogen-activate 

protein kinase (MAPK) pathway, which leads to activation of the transcription factor AP-1, 

resulting in further gene transcription. The TRIF (or MyD88-independent) pathway is activated 

later after internalization of the LPS-MD2-TLR4 complex, and results in delayed-phase NFκB 

activation, as well as activation of the transcription factor IRF-3 which induces production of 

interferon-β and other cytokines. Activation of both pathways has been reported to be necessary 

for maximal cytokine production via TLR4 signaling 
22

.  

 

Due to the perceived importance of endotoxemia in intestinal disease in horses, the inflammatory 

response to LPS has been studied in more detail than many other aspects of the equine innate 

immune system, both in vitro and in vivo. The inflammatory mediators that have received the 

most attention are TNFα, interleukins (IL) and prostaglandins. Serum TNFα activity peaks 

approximately 1.5 hours after infusion of a single bolus of LPS in vivo, and is correlated with 

obtundation and an increase in heart rate 
23,24

. Clinically, increased serum TNFα has been 

correlated with the presence of strangulating intestinal lesions and increased mortality in equine 

colic cases, and with increased disease severity in equine neonatal sepsis 
25,26

. Expression of the 

anti-inflammatory cytokine IL-10 peaks at approximately two hours post infusion 
11

. Gene 

expression of TNFα, IL-1α, IL-1β and IL-8 are all increased in response to LPS and peak at 60 

minutes post infusion, while IL-6 expression peaks at 90 minutes 
27

. Increased circulating 

concentrations of the eicosanoids thromboxane B2 and prostacyclin are detectable at 30-60 and 

90 minutes respectively 
15,24

. These eicosanoids, derived from arachidonic acid metabolism, are 
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synthesized by the cyclooxygenase (COX) enzymes. At least two isoforms of COX exist in 

horses. COX1 is considered constitutive while COX2 is the inducible isoform, although there is 

some overlap in function between the two. LPS induces COX2 expression in horses, as in other 

species 
28

. The eicosanoids contribute to many of the systemic signs of endotoxemia including 

neutrophil chemotaxis, pyrexia, cardiovascular effects and activation of the coagulation cascade 

29
.  

 

 

Figure 2. Schematic of the toll-like receptor 4 signaling pathway response to lipopolysaccharide.  

 

Involvement of toll-like receptor 4 signaling in other disease states 

Sepsis and endotoxemia are the archetypal disease states involving activation of the TLR4 

cascade, but over-activity or dysregulation of this aspect of the innate immune system can be a 

feature of a number of other disease processes. For example, in equine recurrent airway 

obstruction, an inflammatory disease with some similarities to human asthma, TLR4 is 

upregulated in affected horses compared to controls when the horses are stabled, and this 
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coincides with development of neutrophilic inflammation 
30

. In this disease, airway inflammation 

is triggered by exposure to stable dust, which is likely to contain high levels of LPS alongside 

other potential allergens such as fungal spores. Upregulation of genes involved in TLR signaling 

has been observed after strenuous exercise 
31

, suggesting development of a temporary pro-

inflammatory state. In humans, obesity, insulin resistance and type 2 diabetes mellitus involve a 

chronic systemic pro-inflammatory state with upregulation of TLR pathways, which are a major 

contributory factor to reduced tissue insulin sensitivity 
32

. There is some evidence, albeit less 

consistent between studies, that a similar effect occurs in horses with Equine Metabolic 

Syndrome. This is a syndrome characterized by regional adiposity, insulin resistance and an 

increased risk of laminitis. Increased circulating TNF α has been found in some groups of 

affected horses 
33,34

, and the cytokine response to LPS is prolonged in vivo 
35

, although no 

difference could be found in cytokine mRNA responses to LPS in isolated peripheral blood 

mononuclear cells (PBMCs) 
36

. Experimental prolonged hyperinsulinemia using a 

hyperinsulinemic-euglycemic clamp, an established laminitis induction model, increases TLR4 

expression in hoof lamellar tissue, providing another potential link between laminitis and the 

innate immune response 
37

. Better understanding of the regulation of the TLR4 cascades would 

therefore help to further elucidate the pathophysiology of these diverse conditions, and 

potentially provide novel strategies to improve their management. 

 

 

Species differences in the toll-like receptor system 

Much of the information on the pathophysiology of endotoxemia and TLR signaling in the horse 

is based on extrapolation from humans and laboratory animals, but this approach is problematic 

as a number of species differences have already become apparent. In most species, TLR4 

signaling operates via both the MyD88 and the TRIF pathways. In horses, however, the MyD88 

pathway seems to predominate, and little increase in transcription of genes associated with the 

TRIF pathway (IFN-ß, IP-10, RANTES and TRAF1) is seen in equine monocytes after LPS 

stimulation, although this pathway can be activated by TLR3 agonists 
38

. Furthermore, 

lipopolysaccharides from different bacterial species have differing effects on TLR4 from 

different mammalian species. For example, LPS from Rhodobacter spheroides acts as an 

antagonist at human TLR4, and as such may have therapeutic potential, but is an agonist of 
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equine TLR4 
39,40

. This difference is due to altered amino acid residues in key positions in both 

TLR4 and the co-receptor MD2 
41

. Similarly, differences in equine TLR2 may affect how the 

horse responds to bacterial lipopeptides 
42

. Such species differences render extrapolation from 

human and rodent models to the horse problematic, requiring experimental verification. Many of 

the finer details of the regulation of this aspect of the innate immune system, crucial as they may 

be to the design of intervention strategies, remain to be elucidated in this species.  

 

 

Therapy for endotoxemia 

Therapy for equine endotoxemia is multifaceted, targeting numerous points in the cascade from 

endotoxin binding to the cardiovascular effects of the resulting inflammatory cascade. In horses 

as in humans, however, many specific therapies that have seemed attractive theoretically or 

experimentally have proved disappointing in practice. Neutralizing free circulating LPS prior to 

receptor binding can prevent activation of the TLR4 cascade. This can be accomplished using 

low doses of the antimicrobial peptide polymyxin B, which binds directly to the lipid A moiety, 

preventing receptor activation. Administration of polymyxin B has been shown to ameliorate 

clinical signs in experimental models of endotoxemia in both horses and foals 
24,43-45

. The effect 

is reduced if given after LPS exposure, but some beneficial effect persists, and this treatment has 

gained popularity in clinical cases. A closely related approach is to use specific antiserum to bind 

circulating LPS. This has yielded conflicting results in horses, with no apparent benefit in one 

experimental model with a high-dose LPS challenge 
46

, but a statistically significant reduction in 

mortality in septic foals treated with plasma rich in anti-endotoxin antibodies compared to 

conventional hyperimmune plasma in another study 
47

. A review of clinical trials in humans with 

sepsis found no benefit of anti-endotoxin immunoglobulin treatment 
48

. Inhibition of TLR4 with 

eritoran, an inhibitor derived from Rhodobacter spheroides LPS, had no effect on survival in a 

human sepsis trial 
49

, and would not be expected to be effective in horses due to the differences 

in TLR4 and MD2 discussed above. These therapies have no effect against receptor-bound LPS. 

Consequently, they may prevent effects of further endotoxin release but are unable to reverse an 

established inflammatory response. As a further disadvantage, they will have no effect on the 

response to other stimuli such as Gram-positive PAMPs. 
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Reducing the production or activity of inflammatory cytokines would be expected to reduce the 

consequent inflammatory response. Glucocorticoids reduce the activation of NFκB by induction 

of its inhibitor IκB, and thus reduce cytokine production. Meta-analyses of human trials have 

demonstrated a possible effect of hydrocortisone to ameliorate shock in septic patients, but have 

found no effect on mortality 
50,51

. There is some ex vivo evidence in horses that low-dose 

hydrocortisone may dampen inflammatory cytokine production without affecting neutrophil 

responses 
52

. Glucocorticoids are however rarely used in septic or endotoxemic equids due to 

potential side effects of metabolic dysregulation, immunosuppression and an association with 

laminitis. Inhibitors or antibodies against individual cytokines, especially TNFα, have been used 

in humans and investigated to a lesser extent in horses. An initial study in miniature horses found 

a protective effect of murine monoclonal antibody against equine TNFα when given before LPS 

infusion 
53

. In contrast, a later study found no beneficial effect of rabbit polyclonal antibody 

against human recombinant TNFα when given to horses after LPS infusion, despite effective 

inhibition of TNFα function in vitro 
54

. A meta-analysis in humans with severe sepsis found a 

small but significant reduction on mortality with the use of monoclonal anti-TNFα antibodies, 

but no effect of polyclonal antibodies or receptor antagonists (although these latter drugs have 

roles in other inflammatory conditions such as Crohn’s disease) 
55

. The phosphodiesterase 

inhibitor pentoxifylline reduces cytokine production in some in vitro models, but these effects 

have not been replicated in vivo 
56

, and so although it is widely used, its clinical effects may be 

limited. Hemofiltration to remove cytokines and LPS may be a promising line of enquiry, with 

apparent benefits in animal models 
57

, but this has not been investigated in horses and is unlikely 

to be practical (at least in adult horses) in the foreseeable future. 

 

Use of non-steroidal anti-inflammatory drugs (NSAIDs) to reduce eicosanoid production is one 

of the simplest methods of ameliorating clinical signs of endotoxemia in horses. The NSAID 

flunixin meglumine is a non-selective COX inhibitor that has been shown to ameliorate 

cardiovascular parameters including tachycardia, changes in cardiac output and coronary blood 

flow, and lactic acidosis in equine models, although it has no effect on the development of 

neutropenia 
15,58

. While this is one of the most commonly used treatments in clinical practice, it 

is not without potential side effects, including delayed mucosal healing, gastrointestinal 

ulceration, and renal papillary necrosis. Newer NSAIDs such as firocoxib target the induced 
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isoform COX2 more selectively. Firocoxib has been shown to reduce LPS-induced production of 

prostaglandin E2 in equine leukocytes in an ex vivo model 
59

 but has not been extensively 

investigated in clinical endotoxemia. Besides NSAIDs, the mainstay of treatment in equine cases 

remains supportive care, including fluid therapy, inotrope or vasopressor support (more practical 

in foals than in adult horses), and prevention of sequelae such as laminitis. 

 

The failure of many promising therapies in clinical trials combined with the high morbidity and 

mortality in septic humans, septic foals and adult horses with SIRS has prompted continued 

research into the pathophysiology of this condition. Many therapies may have failed due to too 

narrow a focus on a single mediator or single aspect of the inflammatory response. Rational 

treatment design requires an in-depth understanding of how the different aspects of the innate 

immune response are stimulated, integrated and regulated. One aspect of regulation that has been 

receiving increasing attention in recent years is the role of post-transcriptional regulation of 

inflammatory gene expression by small non-coding RNA sequences known as microRNAs 

(miRNAs). This study provides an initial investigation into the expression of miRNAs in equine 

leukocytes and their response to LPS, with the goal of advancing the study of their role in equine 

endotoxemia. 

 

 

 

2. MicroRNAs – small RNA molecules with a role in post-transcriptional regulation of gene 

expression 

 

Overview 

MicroRNAs (miRNAs) are a class of short non-coding RNA, 17-25 nucleotides in length, which 

function as post-transcriptional regulators of gene expression. They were first discovered in the 

genome of the nematode Caenorhabditis elegans, in which they were shown to have a role in the 

timing of developmental events via an antisense RNA-RNA interaction with messenger RNA 

(mRNA) 
60

. Similar sequences, some of which showed a high degree of conservation, were 

subsequently found in a range of invertebrate and vertebrate species 
61,62

. They are now known to 
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have a regulatory role in a wide range of processes including development, inflammation, and 

the pathogenesis of cancer and autoimmune diseases. 

 

 

MicroRNA synthesis 

The production of a miRNA begins with transcription of a primary miRNA sequence (pri-

miRNA) 
63

. These precursor sequences are several thousand bases in length, and are encoded in 

both introns and exon regions of coding and non-coding genes. They contain a cap structure and 

a polyadenylate tail, and are transcribed primarily by RNA polymerase II 
64

. Processing of this 

primary sequence begins with cleavage by the RNA nuclease III enzyme Drosha within the 

nucleus 
65

, to release a precursor sequence (pre-miRNA) of approximately 60 - 100 nucleotides. 

The pre-miRNAs adopt a double-stranded configuration with a characteristic ‘stem-loop’ pattern, 

due to complementary binding of the 5’ and 3’ ends of the RNA strand, and have a two 

nucleotide overhang at the 3’ end 
61

 (Figure 3). 

 

 

 

 

 

 

 

 

 

 
 

The pre-miRNA is exported from the nucleus via binding to the protein exportin-5, which also 

protects it from intracellular degradation. In the cytoplasm, the RNAase III enzyme Dicer 

removes the loop structure to leave a duplex of approximately 22 base pairs, consisting of a 

mature miRNA guide strand (typically from the 5’ arm of the precursor), and a ‘passenger’ 

strand (miRNA*). The former strand is bound to the protein Argonaute2 (Ago2), which loads it 

into a ribonucleoprotein complex known as an RNA-induced silencing complex (RISC), while 

the passenger strand is usually degraded 
63,66,67

. In some cases, active mature miRNAs can be 

excised from both the 5’ and the 3’ arm of a single hairpin pre-miRNA. Alternative processing 

Figure 3: Predicted stem-loop structure of the equine eca-miR-155 precursor. The letters in red indicate the 

mature miRNA sequence. Bold letters denote the ‘seed’ sequence. Note the imperfect pairing arrangement. The 3’ 

overhang is not shown. From miRBase release 21, www.mirbase.org . 

 
                U    A        UUUA C 
5’-CUGUUAAUGCUAA CGUG UAGGGGUU    C U 
   │││││││││││││ ││││ ││││││││    │     
3’-GACAAUUACGAUU GUAC AUCCUCAG    G C 
                -    -        -UCA G   
 
   ←---stem-----------------→←-loop-→      
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pathways have been described, including the ‘mirtron’ pathway (Figure 4) in which miRNA 

precursors are produced by intron splicing. These initially have a ‘lariat loop’ structure, but are 

converted to a conventional pre-miRNA stem-loop configuration by lariat debranching enzyme. 

They are subsequently exported from the nucleus and undergo further processing in the same 

manner as other pre-miRNAs 
68

. While it was previously assumed that each precursor gave rise 

to a single mature miRNA, variants termed ‘isomiRs’ are being increasingly identified by deep 

sequencing studies. These can be produced by trimming variation at the 3’ or 5’ ends, or by 

nucleotide addition or substitution. IsomiR expression can vary at the tissue level, and is also 

influenced by factors such as ethnicity and gender 
69

. These variations affect target specificity, 

giving rise to functional divergence between isoforms 
70,71

. 
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Figure 4: MicroRNA production and processing. Both the canonical Drosha-dependent pathway and the more 

recently described mirtron pathway are shown. 

MicroRNA nomenclature 

Each unique miRNA is identified by a number (e.g. miR-150) that is assigned sequentially with 

discovery, but kept consistent between species where homology is present 
72

. Most have the 

prefix ‘miR-’ (distinct from the prefix ‘mir-’, which denotes a miRNA precursor), except for 

members of earlier described small RNA families such as the let-7 family. A three-letter species 

prefix is commonly used, for example ‘hsa-’ for Homo sapiens, ‘mmu-’ for Mus musculus, and 

‘eca-’ for Equus caballus, although these prefixes are commonly omitted where the species is 
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obvious from context. Suffixes are further used to denote variants of a microRNA gene. Where 

alternative forms of the miRNA are encoded on different genes, this is denoted by a numeric 

suffix (e.g. hsa-miR-101-2) if the mature sequences are identical, or a single letter suffix if they 

are closely related but not identical. For example, hsa-miR-146a and hsa-miR-146b are encoded 

by genes located on chromosomes 5 and 10 respectively, and although they have distinct 

precursors, the mature sequences differ by only two nucleotides towards the 3’ end 
73

. Where 

Dicer cleavage results in functional mature miRNAs from both the 5’ end and the 3’ end of the 

precursor, these are denoted by the suffixes ‘-5p’, or ‘-3p’ (e.g. miR-146a-5p). This in many 

cases replaces the previously used notation of an asterisk to denote the 3’ ‘passenger’ strand 

produced by Dicer cleavage, as the complementary strand is no longer assumed to be non-

functional. The 5’ and 3’ sequences will be largely complementary but will have distinct sets of 

targets and thus distinct physiological functions. Where the -5p or -3p suffix is omitted, the 

mature miRNA is generally assumed to be from the 5’ arm of the precursor.  

 

Mechanism of action of microRNAs 

Interaction between miRNAs and their target mRNA sequences is achieved via RISC 
74,75

. The 

RISC/miRNA complex binds to the target by annealing of the miRNA typically to the 3’ 

untranslated region (3’UTR). If perfect complementary pairing is achieved, the mRNA is cleaved 

by Ago2 in the RISC, although this is uncommon in mammalian cells. Imperfect matches result 

in translational repression via inhibition of initiation or elongation, or reduction in stability of the 

mRNA by deadenylation. Near perfect complementarity of the ‘seed’ region, a 6 – 8 nucleotide 

sequence at the 5’end of the miRNA, to the mRNA target is important for efficient repression. 

Multiple miRNA binding sites are often present in a target region, and simultaneous binding of 

multiple copies of the same or different miRNAs appears to be necessary for efficient repression 

76
. Alternative mechanisms of action of miRNAs have been described more recently, including 

binding to the 5’UTR 
77

 or alternative sites in the mRNA coding sequence 
78

, and activation 

rather than repression of translation under particular cellular conditions 
79

. There is increasing 

evidence that some miRNAs and RISC components can remain localized in the nucleus and play 

an additional role in regulation of gene transcription, likely via the formation of RNA-DNA-

DNA triplex structures, stabilized by Ago2 
80,81

. A single miRNA can interact with a number of 

different target genes, and conversely multiple miRNAs can interact with the same mRNA.  
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MicroRNAs are closely related to another class of small non-coding RNA known as small 

interfering RNAs (siRNAs). These are of a similar size (21-22 base pairs) but are double-

stranded rather than single-stranded. siRNAs are generally considered to be exogenous in origin 

in mammals, but are produced naturally in plants and lower animals. They rely on perfect base 

pair matching for mRNA targeting, and thus only regulate a small number of genes, and exert 

their effects by mRNA cleavage rather than translation inhibition. Many of the general properties 

and processing pathways are however similar 
82

. 

 

MicroRNAs as biomarkers 

The tissue-specific expression of some miRNAs and their dysregulation or differential 

expression in a variety of disease states have prompted investigation into their potential use as 

biomarkers 
83

. Many tissue-specific markers may be released into the circulation, allowing 

detection in serum or plasma, which facilitates potential clinical use 
84

. For example, miR-122 

(liver-specific), miR-133a (muscle-specific) and miR-124 (brain specific) were detected at 

increased levels in the plasma of rats with experimental injury to the relevant tissues, with 

minimal increases in the groups with injury to the other tissues 
85

. In this study miR-122 showed 

greater sensitivity as marker of liver damage than alanine aminotransferase, an enzyme marker 

conventionally used for this purpose clinically, suggesting potential diagnostic utility. Active 

secretion of miRNAs in microvesicles (exosomes), in addition to passive release from cell 

damage, can contribute significantly to the circulating miRNA profile, and is thought to be a 

means of intercellular communication in some cell types, including cancer cells. These exosomal 

miRNAs may have further potential as biomarkers 
86

. Over 100 miRNA biomarkers for specific 

human diseases have been identified to date 
83

, including miR-141 in prostate cancer 
87

, miR-1 in 

myocardial infarction 
88

, and miR-146a in sepsis 
89

. Expression ‘signatures’ based on multiple 

miRNAs, may provide more information than single sequences, and have been investigated in a 

number of disease states. For example, a 24-miRNA expression signature had an 87% sensitivity, 

81% specificity, and 99% negative predictive value for the detection of lung cancer in a set of 

high-risk patients undergoing screening, results that compared favorably to low-dose computed 

tomography screening 
90

. Biomarker potential is also being investigated in veterinary medicine. 
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For example, changes in eleven circulating miRNAs were observed in a group of dogs with 

myxomatous mitral valve disease, with the potential to distinguish between disease stages 
91

. 

 

Therapeutic use of microRNAs 

The role of microRNAs in post-transcriptional (and transcriptional) regulation of gene 

expression has led to interest in their potential as therapeutic targets. Synthetic oligonucleotides 

with identical or complementary sequences to naturally-occurring miRNAs, designated miRNA 

mimics or inhibitors respectively, can be introduced into cells in vitro to enhance or inhibit 

miRNA function, and these are useful experimental tools. If efficient transfection can be 

achieved in vivo, the same techniques could be used to modify gene expression in a clinical 

setting. Despite the relatively short history of miRNA research, a number of such strategies are 

already showing promise. For example, in neoplastic conditions miRNAs could be used to 

replace lost function of tumor suppressor genes. The use of miRNAs rather than protein-

encoding genes is advantageous in this context as the small size and desired location in the 

cytoplasm rather than the nucleus render delivery considerably easier. Furthermore, a single 

miRNA can exert regulatory effects on a number of different (often related) genes 
92

. The 

miRNA miR-34 is known to regulate at least 24 oncogenes, and restitution of this miRNA 

triggers apoptosis of cancer cells in animal models 
93

. A synthetic, double stranded miR-34 

mimic, MRX34, delivered by a liposome transfection system, has recently become the first 

miRNA mimic to enter clinical trials 
94

. Similarly, miravirsen, a synthetic antisense 

oligonucleotide that binds and inhibits miR-122, a miRNA which promotes replication of 

hepatitis C virus 
95

, has proved beneficial in initial clinical trials 
96

. Investigation into therapeutic 

possibilities in veterinary medicine is only in its early stages, but preliminary trials are currently 

underway on the use of miR-124, delivered systemically via a liposome vector, to reverse 

immune suppression in canine glioma 
97

. 

 

3. MicroRNAs in the response to endotoxin and the regulation of TLR4 signaling 

 

Overview 

MiRNAs have been implicated in the regulation of a variety of processes in both the innate and 

adaptive immune response 
98

. Their role in the TLR4 signaling pathway has been studied in a 
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number of models, both in vitro and in vivo. A number of LPS-responsive miRNAs have been 

identified, and these can act to modulate the signaling cascade at multiple levels, from expression 

of the receptor itself to stability of cytokine mRNA. Modulation of the response in this way is an 

important mechanism to preventive excessive inflammatory responses, and dysfunction of this 

system has been implicated in various disease states. 

 

Lipopolysaccharide-induced changes in miRNA expression: in vitro studies 

MicroRNA expression patterns in response to LPS stimulation have been documented in a 

number of different cell lines in vitro, mainly in human and murine cells, but occasionally in 

cells from other domestic species. The majority of studies have used microarray or reverse 

transcriptase quantitative polymerase chain reaction (qRT-PCR) methodology, with no published 

studies to date (to the best of the author’s knowledge) employing deep sequencing techniques.  

 

Table 1 lists some of the major LPS-responsive miRNAs identified in vitro, along with the 

cellular pathways involved in the expression changes, and selected confirmed mRNA targets 

which were evaluated in the same studies. The pathways responsible for effecting the observed 

changes are not known in all cases, but some miRNAs are directly responsive to NFκB, with 

binding sites demonstrable in their promoter regions, while others respond to cytokine products 

of the signaling cascade such as IL-10. Cells of the monocyte / macrophage lineage have been 

most commonly studied due to their high levels of TLR4 expression and known role in 

orchestrating the innate immune response. By far the most consistent of these expression changes 

are the increases in miR-155 and miR-146a/b. The former is upregulated in almost every study in 

which it is evaluated, at least in cells of monocytic lineage. Changes in expression of other 

miRNAs are not always replicated between studies. Some of the differences between studies may 

relate to the precise cell line under investigation. Not all cell lines respond in the same manner: 

for example, while Bazzoni et al. 
99

 demonstrated upregulation of a number of miRNAs in 

response to LPS in monocytes, only miR-9 was upregulated in neutrophils using the same 

methodology. Even within cells of a similar type there can be marked differences between 

specific cell lines: for example, miR-146a and miR-155 are induced by LPS at lower thresholds 

in primary murine macrophages than in an immortalized murine macrophage line (RAW264.7) 

100
.  
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miRNA Cell type and 

species 

Pathways 

involved in 

expression 

change 

Direction 

of change 

Experimentally 

confirmed 

targets 

Refer-

ences 

let-7a THP-1 cells (human 

acute myeloid 

leukemia line) 

 ↓  
101

 

let-7e Macrophages 

(murine) 

Monocytes (human) 

Akt kinases ↑              

↑ 

TLR4 
102

 

99
 

miR-125a Monocytes (human)  ↑  
99

 

miR-125b Macrophages 

(murine) 

Dendritic cells 

(human) 

RAW264.7 (murine 

macrophage line) 

Akt kinases 

NFκB 

↓ 

↓ 

↓ 

 

 

TNFα 

102
 

103
 

104
 

miR-132 Monocytes (human) 

THP-1 cells  

 ↑ 

↑ 

 
99

 

73
 

miR-142-

5p 

Dendritic cells 

(human) 

 ↓  
103

 

miR-144 Dendritic cells 

(human) 

 ↓  
103

 

miR-146a Monocytes (human) 

Dendritic cells 

(human) 

Monocytes (bovine) 

RAW264.7  

THP-1 cells  

Human B cell lines 

Cord blood / adult 

PBMCs 

NFκB ↑ 

↑  

↑ 

↑ 

↑ 

No change 

 

No change 

IRAK1, TRAF6 
99,105

 

103
 

106
 

107
 

73
 

73
 

 
108

 

miR-146b Monocytes (human) IL-10 ↑ TLR4, IRAK1, 

TRAF6, MyD88 

99,105
 

miR-155 Macrophages 

(murine) 

Akt kinases ↑ SOCS1 
102
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Monocytes (human) 

Dendritic cells 

(human) 

Monocytes (bovine) 

PK-15 cells (porcine 

kidney) 

THP-1 cells  

Cord blood CD14+ 

leukocytes (human) 

Cord blood CD4 or 

CD8+ leukocytes 

(human) 

Adult CD14, CD8 or 

CD4+ PBMCSs 

(human) 

RAW264.7 (murine 

macrophage line) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NFκB 

↑ 

↑ 

↑  

↑ 

↑ 

↑ 

No change 

 

No change 

 

↑ 

c-fos 

TAB2  

 

 

 

 

 

 

 

 

 

TNFα (enhances 

translation), 

IKKε, FADD, 

Ripk1 

99,105
 

 

103
 

106
 

109
 

73
 

108
 

108
 

 

108
 

 

104
 

miR-181c Macrophages 

(murine) 

Modulated by 

Akt kinases 

↑  
102

 

miR-187 Monocytes (human)  ↑  
99

 

miR-18a Cord blood CD14+ 

leukocytes (human) 

 ↑  
108

 

miR-223 Dendritic cells 

(human) 

 ↑  
103

 

miR-9 Monocytes (human) 

Neutrophils (human) 

NFκB ↑ 

↑ 

NFKB1 
99

 

99
 

miR-99b Monocytes (human)  ↑  
99

 

Table 1: Major miRNAs confirmed to be LPS-responsive in vitro. 

 

 

Other differences are likely to be based on methodology, either due to differences in the panel of 

miRNAs measured (typically more restricted for qRT-PCR studies than for microarray studies), 

or differences in cell processing, miRNA measurement and normalization, or statistical analysis. 

Furthermore, a proportion of false positive and negative results is expected dependent on 

statistical power and false discovery rate. The disparity that can occur between similar studies is 
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exemplified in the differing reported LPS-induced expression changes in human infant cord 

blood leukocytes. Chen et al. 
110

 reported a total of 84 LPS-responsive miRNAs in cord blood 

leukocytes. Takahashi et al. 
108

, in contrast, reported just two (miR-18a and miR-155), with no 

overlap with the former study. The former study used microarray analysis of a single sample of 

pooled leukocytes (a poorly defined population obtained by sedimentation), stimulated with LPS 

for 2h, with no statistical analysis of microarray data and qRT-PCR verification of only 6 of the 

miRNAs. The latter study employed a more restricted PCR array to evaluate expression in cells 

from 6 individuals, separated into CD14+, CD4+ and CD8+ populations by fluorescence-

activated cell sorting and stimulated for 10h. With such discrepancies and few reports of basal 

expression (most studies presenting results solely as a ‘fold change’ relative to controls), caution 

should be exercised when interpreting the functional significance of expression changes in 

isolated studies.  

 

Lipopolysaccharide-induced changes in miRNA expression: in vivo studies 

Fewer studies have evaluated miRNA expression changes with in vivo LPS challenge. Hsieh et 

al. 
111

 used an intraperitoneal LPS challenge to characterize expression signatures in murine 

whole blood, lung, liver, spleen and brain. Expression changes in the lung had considerable 

overlap with in vitro observations in monocytes, including upregulation of miR-223, miR-146a/b 

and miR-155. This could reflect a prominent role for pulmonary macrophages in the miRNA 

response to LPS. Whole blood expression changes in contrast had few similarities to the in vitro 

models. Although 15 miRNAs were upregulated and 51 down-regulated, these did not include 

many of the LPS-responsive miRNAs in other models, and miR-155 was in this case reduced by 

LPS. These findings highlight the additional complexity of the in vivo response that may not be 

accurately reflected by in vitro models. Whole blood expression involves a variety of interacting 

cell types that may change in proportion in disease states (as endotoxemia, for example, induces 

an initial neutropenia), and the circulating profile will also contain plasma- and exosome-borne 

miRNAs arising from distant organs. Other murine intraperitoneal challenge models have found 

more typical expression profiles, including upregulation of miR-155 and miR-146a, and down-

regulation of miR-125b, in spleen or peritoneal exudate cells 
104,112

. 
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Low dose intravenous LPS challenge in healthy humans resulted in a more limited range of 

expression change in circulating leukocytes 
113

, with upregulation of only miR-143, while miR-

146b, let-7g, miR-342 and miR-150 were downregulated. The latter two correspond to changes 

observed in murine whole blood 
111

, but direct comparisons between the two studies are difficult 

given the differences in sample type, dosage, time course and route of administration, as well as 

species.  

 

A further interesting comparison can be made between these in vivo models and findings of 

studies involving clinical cases of sepsis, particularly Gram-negative sepsis. A study on Gram-

negative sepsis associated with urinary tract infection 
101

 found significant downregulation of let-

7a and miR-150 in peripheral leukocytes of patients compared to healthy controls, and suggested 

that let-7a could be a biomarker for Gram-negative sepsis. The downregulation of miR-150 in 

this instance (but not let-7a) was consistent with the results of experimental LPS challenge. 

Other studies have found reduced serum miR-146a and miR-223 in septic patients compared to 

those with non-septic systemic inflammation or healthy controls 
89,114

, providing further potential 

biomarkers. These changes are the reverse of that expected in leukocytes (or at least monocytes), 

indicating that the extracellular milieu does not necessarily reflect expression changes in the 

local cell population, and that sample type (whole blood, leukocytes or serum) is of critical 

importance when comparing similar biomarker studies. 

 

MicroRNA functions in the regulation of TLR4 signaling 

The functions of these differentially expressed miRNAs are gradually being unraveled, by a 

combination of in silico target prediction 
115

 and experimental verification using techniques such 

as transfection of cell lines with synthetic mimics or inhibitors. Although our understanding is 

far from complete, a number of feedback mechanisms have been identified which modulate the 

TLR4 response, acting at a variety of points in the cascade (see Figure 5).  

 

Among the best characterized miRNAs involved in the regulation of TLR4 signaling are miR-

146a and miR-155, which are both upregulated in response to LPS via a NFκB-dependent 

pathway and appear to have contrasting roles. miR-155, as well as having a number of roles in 

the adaptive immune response including roles in antibody production and T-helper cell 
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differentiation, appears to act primarily but not exclusively as a pro-inflammatory mediator. It 

has been reported to enhance translation of TNFα by increasing mRNA stability 
116

, and 

overexpression in transgenic mice leads to increased susceptibility to LPS-induced shock 
104

. 

Overexpression attenuates the inhibitory effects of both progesterone 
117

 and glucocorticoids 
118

 

on LPS-induced inflammatory responses in vitro. Targets of this miRNA include the anti-

inflammatory protein ‘suppressor of cytokine signalling 1’ (SOCS1) 
117

. Suppression of this 

protein leads to increased production of inflammatory cytokines including interferon-γ (IFNγ). 

Depending on context, this could have beneficial or deleterious effects. It will exacerbate 

inflammatory responses in auto-immune disease such as systemic lupus erythematosus 
119

, but 

has protective effects against mycobacterial infection, for example
120

. A negative feedback 

pathway has been described involving interleukin 10 (IL-10), an anti-inflammatory cytokine 

produced in response to LPS. This cytokine decreases miR-155 production by altering stability 

of pri-miR-155 and pre-miR-155 and the maturation of the miRNA end-product, thus attenuating 

production of pro-inflammatory cytokines 
121

. IL-10 exerts further anti-inflammatory effects by 

inducing the production of miR-187, which reduces cytokine production both directly, by 

reducing TNFα mRNA stability, and indirectly, by inhibiting the regulatory nuclear protein IκBζ 

122
. Anti-inflammatory effects of miR-155 have also been described however: it targets a number 

of factors involved in activation of the NFκB pathway, including the kinase IKKε 
104

, which is an 

element of the TRIF pathway, and TAB2, which is involved in both the MyD88 and the TRIF 

pathways 
103

. Via this negative feedback loop it will have a limiting effect on inflammatory 

activation under certain circumstances 
123

. 

 

The primary effect of miR-146a seems to be to limit the inflammatory response to endotoxin and 

other TLR ligands, potentially providing some degree of protection against an inappropriate, 

overwhelming inflammatory response. Ectopic expression leads to reduced NF-κB activity, 

reduced translation of TNFα and IL-6, and reduced activity of COX-2. These effects occur via a 

number of mechanisms, including targeting IRAK1 and TRAF6, key mediators in the MyD88 

pathway 
73

, and decreasing the stability of COX-2 mRNA 
124

. It also mediates indirect 

translational repression via a feed-forward loop involving the MAP-kinase pathway. This latter 

mechanism involves induction of mitogen-activated protein kinase phosphatase-1 (MKP-1), 

which phosphorylates p38 MAP-kinase, preventing the phosphorylation of the RNA-binding 
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protein RBM4. This has the effect of promoting its relocalization to the cytoplasm and 

interaction with Ago2, forming a translation-repression complex 
125,126

. The closely related miR-

146b has a similar range of effects, targeting IRAK1, TRAF6, MyD88 and TLR4, and 

consequently reducing cytokine and chemokine production. Its induction pathway is however 

slightly different, involving an IL-10-mediated, STAT3-dependent mechanism rather than direct 

NFκB induction, and it seems to represent a later phase of the LPS response in human monocytes 

105
. 

 

 
Figure 5. MicroRNA involvement in the TLR4 signaling cascade. Selected actions of miR-146a/b, miR-155 and 

miR-125b in the NFκB signaling cascade are shown. Green arrows represent promotion; red arrow indicate 

inhibition. 

 

The majority of other miRNAs with recognized roles in this system have primarily suppressive 

functions in the inflammatory response, likely acting to prevent inappropriate or excessive 

activation of the inflammatory cascade. Mir-16, miR-125b and miR-187 all reduce TNFα 

expression by reducing mRNA stability, while miR-181a targets IL-1α mRNA in a similar 

manner 
104,122,127,128

. Other miRNAs target intermediate molecules in the signaling cascade in a 
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similar manner to miR-146a: for example, miR-200b/c suppresses MyD88 activation, whereas 

miR-9 targets NFκB directly 
99,129

. These overlapping functions could represent a degree of 

redundancy in the system, or could represent varied niches in overall homeostasis. For example, 

constitutive expression of miR-125b may reduce cytokine production under basal conditions, 

with TLR4-mediated downregulation reversing this inhibition to enhance the cytokine response. 

Conversely upregulation of miRNAs such as miR-146a may prevent an excessive response under 

conditions of TLR4 activation. 

 

Significance of miRNA-mediated TLR4 pathway dysregulation in disease 

The above miRNAs have been implicated in disease states involving both acute and chronic 

dysregulation of the innate immune system. 

 

The repression of the TLR4 cascade by miR-146a is becoming increasingly recognized as a 

mediator for the phenomenon of endotoxin tolerance, whereby cells previously exposed to LPS 

exhibit reduced responses to subsequent challenge. This may prevent harmful over-stimulation of 

the inflammatory response, but excessive immunosuppression could have deleterious effects, 

allowing the development of overwhelming sepsis. miR-146a is upregulated in tolerized cells. 

Transfection with miR-146a mimics can simulate the tolerized state, with associated 

downregulation of cytokine production, while inhibitors can prevent the development of LPS 

tolerance 
125,130

. This may have therapeutic applications in the treatment of sepsis. Pre-treatment 

with a miR-146a mimic reduced evidence of acute lung injury, as well as TNFα production, in a 

murine sepsis model 
131

, although it is unclear if this intervention would be similarly successful if 

administered after the onset of sepsis. Lack of endotoxin tolerance as a consequence of chronic 

morphine administration, and consequent hyperinflammation and exacerbation of sepsis, has also 

been shown to be dependent on down-regulation of miR-146a 
132

. Other miRNAs, such as miR-

221, miR-579, and miR-125b may also have a role in the development of tolerance 
133

. 

Endotoxin tolerance has been demonstrated experimentally in horses both in vivo 
12,15

 and in 

isolated peripheral blood mononuclear cells (PBMCs) in vitro 
134

, although it is unclear whether 

this is significant in clinical cases of gastrointestinal disease 
28

. Nevertheless, improved 

understanding of the process and the contributions of miRNAs therein could provide new 

diagnostic and therapeutic targets. 
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A systemic or local pro-inflammatory state is a feature of a number of chronic diseases in 

humans, including type 2 diabetes, obesity, coronary artery disease and autoimmune diseases. In 

each of these examples, miRNAs associated with the TLR4 cascade have been implicated as 

contributory factors to the observed state of immune dysregulation and consequent complications 

of the disease. A number of miRNAs have recently been implicated in diabetes-associated 

inflammatory dysregulation 
135

. miR-146a was downregulated in PBMCs of clinically well type 

2 diabetic patients compared to healthy controls, and was negatively correlated with insulin 

resistance, mRNA for TRAF6 and NFκB, and plasma concentrations of TNFα and IL-6 
136

. 

Decreased levels of this miRNA have been associated with complications of diabetes including 

impaired wound healing 
137

 and extracellular matrix production in diabetic retinopathy 
138

. MiR-

107, which is downregulated by TLR4 activation, via MyD88 and NF-κB, exerts inflammatory 

effects and promotes insulin resistance. These dual effects are largely mediated by Caveolin-1, a 

transmembrane protein that associates with and stabilizes the insulin receptor (maintaining 

sensitivity), and also regulates NFκB translocation. Obese leptin-deficient mice and diabetic rat 

strains show upregulation of miR-107 and the closely-related miR-103, which could contribute 

to the observed insulin resistance and pro-inflammatory state 
139

. 

 

Polymorphisms in the miR-146a precursor gene are associated with differing levels of systemic 

inflammation in patients affected by coronary artery disease, although there is no apparent  

difference in frequency of the relevant genotypes between patients and healthy controls 
140

. In 

systemic lupus erythematosus, underexpression of miR-146a contributes to overactivity of the 

interferon response, and this may be exacerbated by dysregulation of other inflammation-related 

miRNAs such as miR-155, miR-142-3p, miR-148 and miR-21. Patients with rheumatoid arthritis 

and other forms of auto-immune arthritis (but not osteoarthritis) in contrast have increased miR-

146a in fibroblast-like synoviocytes and PBMCs, which would be expected to reduce 

inflammation. The significance of this is unclear, but it may be counterbalanced by increased 

expression of the pro-inflammatory miRNAs miR-155 and miR-223 
141

. 

 

While coronary artery disease is not a concern in horses, and systemic lupus erythematosus-like 

syndrome and autoimmune arthritis occur uncommonly, horses are prone to obesity and insulin 
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resistance, as well as other chronic inflammatory conditions such as immune-mediated uveitis 

and keratitis, and inflammatory conditions of the lower airway. These chronic diseases have a 

substantial impact on welfare. Given the documented roles of miRNAs in modulating the innate 

immune response in sepsis and inflammatory responses in humans and in rodent models, it is 

likely that similar effects occur in equine disease. Better understanding of these effects may 

provide opportunities to develop biomarkers for diagnostic use, and possibly novel targeted 

therapeutics. MicroRNA responses in horses are therefore worthy of further investigation. 

 

 

4. MicroRNAs in the horse: the current state of knowledge. 

 

Bioinformatics and sequencing 

Although the presence of miRNAs in horse serum was first reported in 2008 
84

, a year before the 

publication of the equine genome 
142

, to date miRNAs have received relatively little attention in 

horses compared to other species (see Figure 6). Screening of the equine genome for genes with 

close homology to previously known animal miRNAs, combined with in silico prediction of 

candidate novel miRNA genes, revealed 407 potential miRNA genes, including 354 mature 

miRNAs 
143

. Bioinformatic screening for polymorphisms within this set found a single 

nucleotide polymorphism in only one mature miRNA sequence (eca-miR-514), far fewer than in 

the bovine or chicken genome, but that may have been a reflection of the depth of genomic data 

available rather than a true reflection of genetic variability 
144

. Over 60% of the predicted 

miRNAs were identical to human disease-associated miRNAs 
145

, but until recently few of these 

had been verified experimentally in the horse.  

 

Technical advances and reducing costs of deep sequencing technology have revolutionized the 

study of miRNA expression, providing a powerful platform for expression analysis and novel 

miRNA discovery 
146

. The first studies using short-read Next Generation Sequencing (NGS) to 

evaluate equine miRNA expression have recently been published, characterizing expression 

profiles in colon, muscle, liver, subchondral bone, cartilage and plasma 
147-149

. Further putative 

novel miRNAs have been sequenced from horse testes 
150

. These studies have substantially 

expanded the known population of equine miRNAs, and the most recent release of miRBase 
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(miRBase 21, June 2014; www.mirbase.org 
151

), a global multispecies miRNA database, contains 

715 precursors and 690 mature miRNAs.  

 

_ 
Figure 6. Publication trends in miRNA studies by species. The graph shows the number of MedLine-indexed 
publications containing the search term ‘microRNA’, and the subsets of those publications also containing the terms 

‘equine’ or ‘horse’, and ‘bovine’ or ‘cattle’. Equine miRNA research has lagged behind that in other domestic 

species. 

 

MicroRNAs in equine health and disease 

Investigation of the roles of miRNAs in equine physiology and disease has so far been largely 

restricted to the fields of reproduction and musculoskeletal pathology. A central role of miRNAs 

in the control of ovarian follicle maturation and development has been proposed, based on the 

finding of miRNA-rich exosomes in follicular fluid 
152,153

. The contents of these exosomes can 

alter the expression of proteins involved in the transforming growth factor B signaling pathway, 

a pathway thought to be integral to the control of follicle development. This effect is attributed to 

miRNAs such as miR-27b and miR-372, which are predicted to target these proteins. Differences 

in miRNA expression profile have been detected between ovulatory and anovulatory follicles 
154

, 

between dominant and subordinate follicles, and in dominant follicles following injection of an 

ovulatory dose of human chorionic gonadotrophin 
155

. The differentially expressed miRNAs are 

thought to target genes involved in regulation of granulosa cell survival, proliferation and 

differentiation. Equine sperm also contain over 80 different miRNAs 
156

, and although their 
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function has not yet been specifically investigated, a role in early embryonic development has 

been postulated.  

 

MicroRNAs may have important roles in cartilage development and health, an area of particular 

importance in equine medicine due to the high prevalence and consequent economic impact of 

joint diseases such as osteoarthritis and osteochondrosis. Aged cartilage expresses miR-21 at 

higher levels than young cartilage 
157

. The significance if this is uncertain, but this miRNA is 

known to target a number of proteins involved in cell cycle regulation in humans and mice. miR-

140 is upregulated during chondrogenic differentiation of equine cord blood-derived 

mesenchymal stem cells, and this is consistent with its known roles in chondrogenesis in other 

species 
158

. Deep sequencing of miRNA expression profiles in cartilage and subchondral bone 

revealed differential expression of a number of miRNAs after mechanical cartilage loading, and 

differences in cartilage from healthy horses compared to those affected by osteochondrosis. The 

predicted targets of differentially expressed miRNAs included genes involved in cell 

differentiation, energy metabolism, extracellular matrix dynamics and osteoblast / osteoclast 

differentiation 
147

. Myopathies, another common performance-limiting problem in horses, may 

also be associated with altered miRNA expression: evaluation of a panel of 10 muscle-associated 

miRNAs in gluteal muscle found distinct expression patterns in horses with Recurrent Exertional 

Rhabdomyolysis, Polysaccharide Storage Myopathy and normal horses, although no difference 

in circulating miRNA could be detected 
159

. Exercise increases circulating miR-17 and miR-33a, 

and these two miRNAs have been shown to suppress expression of lactate dehydrogenase (an 

enzyme usually upregulated during anaerobic glycolysis) and glycogen synthase 1 (involved in 

glycogen synthesis at rest) in horses. Thus miRNAs may have a role in regulation of energy 

metabolism during exercise. Networks of differentially expressed miRNAs and mRNAs have 

been described following endurance exercise 
160

. Among others, miR-21-5p, miR-181b-5p and 

miR-505-5p were identified as potential regulators of the adaptive response to prolonged 

exercise, regulating genes involved in immune function, apoptosis, mitochondrial biogenesis and 

protein and energy metabolism. 

 

Further studies are currently in progress evaluating potential roles in sarcoids and laminitis. 

Sarcoids are a common, locally aggressive fibroblastic skin tumor unique to horses, thought to be 
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caused by infection with bovine papilloma viruses (BPV) 1 and 2. A preliminary screen using a 

human microarray found differential expression of 219 miRNAs in a BPV-transformed equine 

fibroblast cell line. Further work is in progress to characterize expression changes in naturally 

occurring tumors, and to attempt to establish their biological significance 
161

. Kim et al. used 

NGS to evaluate expression in laminar tissue and changes in the plasma miRNA profile 

associated with experimental induction of laminitis using an oligofructose model, but full results 

of this study are not yet available 
162

. 

 

To date, none of the differentially expressed miRNAs in the above studies have found 

widespread use as biomarkers of equine disease, and considerable further research would be 

required to develop clinical applications. The plasma expression profile associated with  

laminitis in the above study by Kim et al. is considered by the authors to have biomarker 

potential, and a patent application has been filed for the use of miR-199a-5p, miR-27a, miR-27b 

and miR-324-5p for the detection of the disease 
163

. Full details have not yet been published, so it 

is unclear whether this would allow earlier detection than clinical examination alone. Caution 

should be exercised extrapolating this to clinical disease, as there is some debate as to how 

closely the oligofructose model, which induces profound endotoxemia, mimics most cases of 

naturally occurring disease. It is also difficult to determine if the changes observed are specific to 

laminitis or a general feature of endotoxemia, as currently no research has been undertaken on 

the miRNA response to endotoxemia or other infectious or inflammatory conditions in the horse. 

The sole exception is a study on the role of miR-146a in the pathogenesis of Hendra virus 
164

. 

Increased expression of miR-146a was detected in whole blood of horses following infection 

with Hendra virus. Subsequently it was shown that this miRNA enhanced replication of the virus 

in a human cell line (HeLa cells), possibly by post-transcriptional suppression of ring finger 

protein 11, an element of a complex involved in negative regulation of NFκB. The role of miR-

146a in the regulation of inflammatory processes has not otherwise been examined in the horse. 

It remains to be established whether specific miRNAs exert anti-inflammatory and pro-

inflammatory effects similar to those observed in other species. 

 

Therapeutic applications of RNA interference in horses 
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Although no miRNA-based therapies have been tested in horses, the use of small RNAs to 

interfere with pathological processes is not unprecedented in this species. The use of siRNAs has 

been investigated in a variety of disease models both in vitro and in vivo. They have been used to 

block infection of horse cells with Equine Arteritis Virus in vitro 
165

, and to prevent expression 

of viral proteins in cells infected with African Horse Sickness Virus 
166

. Specific siRNAs 

targeting Bovine Papillomavirus-1 proteins reduce viral protein synthesis, reduce growth and 

promote apoptosis in virus-transformed cells derived from equine sarcoid, a common fibroblastic 

skin tumor in the horse 
167

. Intranasal administration of siRNAs has been evaluated as a possible 

prophylactic treatment for Equine Herpesvirus-1 infection in experimental models: although this 

strategy showed promise in an initial trial, apparently reducing the incidence of neurological 

disease, a subsequent study showed no beneficial effect 
168,169

. siRNAs can be designed with 

relative ease based on the knowledge of the sequence of a target gene, whereas the less precise 

base-pairing requirements of miRNAs make target prediction more difficult. The first step 

towards exploiting these naturally occurring regulatory molecules must therefore be to 

understand their normal function and expression patterns. 

 

 

5. Conclusions  

 

Endotoxemia with activation of the TLR4-mediated innate inflammatory response is of central 

importance in equine gastrointestinal disease and many septic disease processes, and contributes 

significantly to the morbidity and mortality. MicroRNAs are becoming increasingly recognized 

as regulators of this cascade, as well as many other physiological and pathological processes. 

However, to date they have been largely ignored in the horse: it is unknown which miRNAs are 

expressed in equine leukocytes, and whether they have the same regulatory functions as in 

humans or laboratory animals.  

 

As nothing is yet known of normal expression patterns in equine leukocytes, a global 

transcriptome-wide approach will be taken initially to screen for expressed and differentially 

regulated miRNAs using NGS technology. This will provide the basis for more specific 
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investigations into the functions of specific miRNAs, and their potential utility as biomarkers or 

therapeutic targets in the future.   

 

 

6. Hypothesis and objectives of the current study 

 

The primary hypothesis of the present study is that lipopolysaccharide induces differential 

expression of miRNAs in equine peripheral blood mononuclear cells. 

 

Specific objectives are as follows:  

 To establish the microRNA transcriptome in normal isolated equine PBMCs. 

 To establish the miRNA expression changes induced by exposure to LPS in equine 

PBMCs in culture. 

 To investigate associations between expression of specific miRNAs and key 

inflammatory and anti-inflammatory cytokines such as TNFα and IL-10. 

 To investigate whether differentially expressed miRNAs are likely to influence the innate 

immune response, based on targets identified in other species. 

 To provide a foundation to allow investigation of the specific roles of individual miRNA 

sequences in the regulation of TLR4 signaling and cytokine responses in horses, and for 

investigation of miRNAs as potential biomarkers or therapeutic targets. 
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Chapter 2: Materials and Methods 

 

Overview of experimental design 

This experiment employed a simple in vitro model of endotoxemia. Peripheral blood 

mononuclear cells (PBMCs) were isolated from the whole blood of healthy horses and 

subdivided into LPS-stimulated and control groups, controlling for expected variability between 

horses. A portion of the cells from each group was removed after 2, 4 and 8 hours in culture to 

evaluate aspects of resulting inflammatory signaling events. Next generation sequencing was 

used to characterize the complete miRNA transcriptome in a subset of 4 horses. A larger sample 

set of 8 horses was used for measurement of supernatant cytokine concentrations, and 5 for 

validation of selected miRNA expression changes using quantitative reverse transcription 

polymerase chain reaction (qRT-PCR). Bioinformatic target analysis and analysis of gene 

conservation was performed for selected miRNAs. An overview of the study workflow is given 

in Figure 7.  

 

 
Figure 7: Overview of the study design.  

 

 

Animals 

Eight healthy adult geldings were selected from the University riding herd. These consisted of 

four Warmbloods, two Thoroughbreds, one Thoroughbred cross and one Tennessee Walking 

Horse, aged 9 to 12 years. The subset used for Next Generation Sequencing comprised two 

Warmbloods, one Thoroughbred and one Thoroughbred cross, aged 11 to 12 years. All animals 

had been free from illness or injury within the preceding 12 months, and were confirmed healthy 

by clinical examination and complete blood count. None had received any vaccinations or other 

medications for at least one week. Animal procedures were approved by the university 

Institutional Animal Care and Use Committee. 
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Cell isolation, culture and stimulation  

100ml blood was collected aseptically from each animal into acid citrate dextrose tubes, and 

processed within 2 hours. PBMCs were isolated by gradient density centrifugation over 59% 

Percoll® (Sigma) gradients and re-suspended in RPMI-1640 medium with HEPES buffer 

(25mmol/L; Gibco), 10% low-endotoxin heat-inactivated fetal calf serum (Gibco), L- glutamine 

(2mmol/L; Gibco), sodium pyruvate (1mmol/L; Sigma), 50u/ml penicillin and 50µg/ml 

streptomycin (Gibco), to a concentration of 2 x 10
6 

cells per ml. The harvested cell population, 

evaluated on a Cytospin™ (Thermo Scientific) preparation, consisted of a median of 77% 

lymphocytes (range 67-86%), 21% monocytes (range 14 – 27%), 0.5% neutrophils (range 0 – 

5%), and 0.5% basophils (range 0 – 1.7%). This represented a slightly higher proportion of 

monocytes than in peripheral blood. Cell viability was confirmed to be adequate (≥95%) by 

Trypan blue exclusion. Aliquots of PBMCs from each horse were cultured on a 24-well plate 

(1ml per well) at 37°C and 5% CO2 in the above medium, with the addition of either E. coli LPS 

O111:B4 (BioXtra; Sigma-Aldrich) at 10ng/ml or culture medium alone. This concentration was 

selected based on previous studies showing maximal cytokine production in equine monocytes at 

0.1 – 1 ng/ml 
38

. Cells were cultured for 2, 4 and 8 hours. The supernatant was removed after 

centrifugation and stored at -80°C for later cytokine analysis. Cells were immediately lysed on 

the plate using a phenol / guanidine thiocyanate lysis buffer (QIAzol® Lysis Reagent; Qiagen) 

and the lysates stored at -80°C pending RNA extraction. 

 

Cytokine analysis 

The key pro-inflammatory cytokines TNFα, IL-4, IL-17, interferon-α (IFNα), interferon-γ 

(IFNγ), and the anti-inflammatory cytokine IL-10, were measured in the culture supernatants 

from both LPS-stimulated and unstimulated PBMCs from each horse (n=8). Measurements were 

taken at 2, 4 and 8 hours. TNF-α was measured using a commercially available antigen-capture 

sandwich enzyme-linked immunosorbent assay (ELISA) kit (Genorise Inc.) according to the 

manufacturer’s instructions. IL-4, IL-10, IL-17, IFNα and IFNγ were measured using a multiplex 

fluorescent bead-linked immunoassay 
170

 by a commercial laboratory (Equine 5-plex Assay, 

Cornell Veterinary Diagnostics).  
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RNA extraction 

RNA was extracted from cell lysates (approximately 12 x 10
6
 cells per sample) using Qiagen 

miRNeasy spin columns according to the manufacturer’s instructions, with on-column DNAse 

treatment to eliminate residual genomic DNA. RNA concentration, purity and integrity were 

assessed by spectrophotometry (Nanodrop; Thermo Scientific), electrophoresis (Agilent 

Bioanalyzer) and fluorometric quantification (Qubit™, Thermo Fisher Scientific). Only high-

quality RNA (260nm:280nm absorbance ratio >1.8 and RNA Integrity Number >8) was used for 

further analysis. 

 

Next Generation Sequencing for miRNA expression  

Short-read Illumina Next Generation Sequencing (NGS) was used to measure the complete 

miRNA transcriptome in a subset of 4 horses. These 4 horses were selected on the basis of clear 

differences in supernatant TNFα between stimulated and control cells throughout the time course 

of the experiment, confirming effective stimulation and maximizing the chance of observing 

expression changes. Samples from LPS-stimulated and unstimulated cells at 2 and 4 hours were 

used to determine differential expression. These time points were selected due to a clear 

difference in TNFα production between treatment groups, and data in other species confirming 

differential miRNA expression at these time points 
105

. 

  

Next Generation Sequencing was performed by the Genomics Research Laboratory at the 

Biocomplexity Institute of Virginia Tech. Small RNA library construction was performed using 

an Illumina TruSeq Small kit. Adaptors were ligated to the 5’-phosphate and 3’-hydroxyl ends of 

small RNAs using the TruSeq Small RNA sample preparation kit, from 1µg total RNA. The 

ligated small RNAs were reverse transcribed and ‘barcoded’ with a unique identifying sequence 

via PCR amplification for 11 cycles. Equal volumes of 6 individually barcoded samples were 

pooled, and the 147 bp (miRNA) and 157 bp (containing some miRNAs alongside other small 

non-coding RNAs) fractions were extracted using Pippin Prep (Sage Biosciences). Pools were 

cleaned using Agencourt AmpureXP magnetic beads (Beckman), quantitated using a Quanti-iT 

dsDNA HS Kit (Invitrogen), and sizes validated on an Agilent 2100 Bioanalyzer. Libraries were 

clustered onto a flow cell using a TruSeq SR Cluster Kit v3 (Illumina). Sequencing was 
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performed over 50 cycles on a HiSeq 2500 sequencer, to give a total of approximately 200 

million reads. After filtering of the raw sequence data, including removal of low quality reads 

and adaptor sequences, sequences were mapped to the equine genome. Sequences corresponding 

to known miRNAs were identified by reference to the miRNA database miRBase, Release 21 
151

. 

Expression data were normalized across all the samples using the median for each library of the 

ratios of the individual read counts to the geometric mean count for each miRNA. 

 

Quantitative reverse transcription PCR (qRT-PCR) 

Selected expression changes were verified using qRT-PCR in a validation sample set from 5 

horses (including 2 from the NGS experiment and 3 other horses), up to 8 hours in culture. For 

the remaining three horses, a full data set could not be obtained due to difficulties with assay 

optimization. Identity of selected sequences to human miRNAs with inventoried RT-PCR 

primers was confirmed by BLASTN analysis.  

 

qRT-PCR was performed in the Genomic Research Laboratory of the Biocomplexity Institute of 

Virginia Tech, using Taqman® Advanced miRNA assays (Applied Biosystems) according to the 

manufacturer’s instructions. Briefly, miRNAs were extended by 3’ poly(A) tailing and ligation 

of a 5’ adaptor sequence, prior to reverse transcription with a universal primer recognizing the 

poly(A) tail. Pre-amplification of cDNA was performed using universal forward and reverse 

primers. Finally, qPCR was performed using universal forward and reverse primers, and a 

specific probe containing a reporter dye at the 5’ end and a non-fluorescent quencher and a minor 

groove binder at the 3’ end. All assays were performed in triplicate. Raw cycle threshold (CT) 

values were normalized to an endogenous control (miR-26a-5p), as recommended by the assay 

manufacturer. This miRNA has been recommended as an endogenous control in human 

peripheral blood and bone marrow due to abundant stable expression 
171

, and was further 

supported by preliminary microarray data in the horse (data not shown) in which it was one of 

the most abundant miRNAs detected in PBMCs. ΔCT values were used for statistical analysis, 

and fold changes from unstimulated baseline samples at time 0 (2
-ΔΔCT

) were calculated for the 

purpose of data presentation. 
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miRNA / control Catalog no. Mature sequence 

eca-miR-155-5p 477927_mir UUAAUGCUAAUCGUGAUAGGGGU 

eca-miR-146a-5p 478399_mir UGAGAACUGAAUUCCAUGGGUU 

eca-miR-146b-5p 478513_mir UGAGAACUGAAUUCCAUAGGCU 

Control: eca-miR-26a-5p 477995_mir UUCAAGUAAUCCAGGAUAGGCU 

Table 2. Primers used for miRNA qRT-PCR. 

 

Statistical analysis 

Differential expression was evaluated from the next generation sequencing data by mixed linear 

models, using the Bioconductor package limma for R (Version 3.2.3; The R Foundation for 

Statistical Computing) 
172

. Sequences with very low expression were filtered out prior to 

analysis, retaining only those miRNAs with a normalized read count greater than 2 in at least 4 

samples (234 miRNAs). Post hoc contrasts were used to determine the effects of treatment (LPS 

versus control) at the 2 and 4-hour time points, and the effect of time for each treatment. The 

Benjamini-Hochberg procedure was used to control the false discovery rate (<0.05). 

 

Two-way hierarchical clustering analysis was performed on transcriptome-wide expression data 

from baseline and cultured samples using Hierarchical Clustering Explorer Version 3.5 (Human 

Computer Interaction Laboratory, University of Maryland). Data with a standard deviation less 

than 1 were filtered out prior to analysis, leaving a total of 237 miRNA sequences. The Pearson 

correlation coefficient was used as a distance metric, and the average linkage method was 

employed 
173

. Data were displayed as a heatmap after standardization by subtraction from the 

mean for each miRNA followed by division by the standard deviation. 

 

Mixed linear models were used to evaluate the effects of LPS, time and the time-treatment 

interaction on supernatant cytokine concentrations, and on miRNA expression as measured by 

qRT-PCR. Analysis was performed in JMP® Pro (SAS Institute Inc.). For the PCR data, ΔCT 

values after normalization to miR-26a were used in the model, after verification of the model 

assumptions of normal distribution and constant variance of residuals. 8-hour data from one 

horse was excluded from the analysis as the endogenous control reading from one sample was an 

extreme outlier (deviating from the mean CT by more than 5 times the standard deviation). For 
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the model, ‘horse ID’ was used as a random effect, and time and treatment were assigned as 

fixed effects, with time as a categorical variable. Tukey’s Honest Significant Difference test was 

used for post hoc analysis. Significance was set at p<0.05. The same procedure was used for 

supernatant cytokine concentrations, but raw data were square-root transformed to stabilize 

variance and to approximate the residuals to a normal distribution, fulfilling the model 

assumptions.   

 

Pairwise correlations between miRNA ΔCT values and square-root transformed supernatant 

cytokine concentrations were analyzed in JMP® Pro. For each pair, the Pearson correlation 

coefficient was calculated. P-values, testing the null hypothesis that ρ=0 (i.e. no correlation), 

were adjusted using the Bonferroni method as a conservative correction for multiple 

comparisons. 

 

Target prediction and functional annotation 

Predictions of miRNA targets in the equine genome were performed in TargetScan release 6.2 

(www.targetscan.org/vert_61). This algorithm predicts targets based on conserved 7 or 8 

nucleotide motifs in the 3’UTRs matching the miRNA family seed sequence, assuming perfect 

seed matching, and ranks them based on factors including location of the target site within the 

UTR, 3’pairing and the stability of the interaction between the seed sequence and the miRNA 

target site. Only genes containing conserved target sites were considered, as determined by this 

software using cross-species comparisons of the 3’UTR of orthologous genes. Target predictions 

were considered ‘high confidence’ if they had a total context+ score 
174

 < -0.4 or a probability of 

conserved targeting (aggregate PCT 
175

)  >0.8. Lists of lower confidence targets (context+ score < 

-0.1) were also compiled for selected LPS-induced miRNAs. Target predictions were further 

expanded for miR-155, miR-146a and miR-146b by using the database of experimentally 

validated targets ‘miRTarBase’ 
176

 to identify known immune-associated targets with supportive 

experimental evidence in humans or mice. These included genes associated with toll-like 

receptor signaling pathways, T- and B-lymphocyte function, leukocyte transendothelial 

migration and cytokine production and signaling. Sequences of the predicted mRNAs of the 

equine orthologs of these genes were downloaded in FASTA format from the NCBI nucleotide 

database (http://www.ncbi.nlm.nih.gov/nuccore) and queried against the miRNA sequence using 
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RNA22 version 2 (https://cm.jefferson.edu/rna22) 
177

. This algorithm identifies potential miRNA 

binding sites along the full length of the transcript (rather than just the 3’UTR) and assesses 

stability of the resulting predicted heteroduplex structure. The following parameters were used in 

RNA22: 7-nucleotide seed size with maximum 1 unpaired base; minimum 12 paired-up bases in 

heteroduplex; maximum folding energy of heteroduplex -12 Kcal/mol; maximum 1 G:U wobble 

in seed region; sensitivity 87%, specificity 25%. Lists of human gene orthologs from the 

TargetScan output were imported into PANTHER version 10 
178

 (www.pantherdb.org) for 

functional annotation using gene ontology (GO) terms for biological processes, molecular 

functions and pathway analysis (Gene Ontology Database release 2015-08-06). Statistical over-

representation of gene ontology terms was assessed with a binomial test against reference sets of 

equine or human genes, using Bonferroni’s correction as a conservative correction for multiple 

comparisons, given lack of independence between terms. 

 

miRNA gene conservation analysis and transcription factor binding site prediction 

For selected equine miRNAs, the encoding genes and their flanking sequences were aligned to 

the human genome to assess conservation between species. Genetic sequences and annotations 

were obtained using Ensembl (www.ensembl.org), using human genome assembly GRCh38.p5 

(GCA_000001405.20), equine genome assembly Equ Cab 2 (GCA_000002305.1) and murine 

genome assembly GRCm38.p4 (GCA_000001635.6) for comparison. FASTA sequences of the 

regions of interest in the relevant chromosomes, including adjacent promoter regions as 

identified in the human genome, were imported into mVISTA 
179

 (http://genome.lbl.gov/vista) 

for alignment, and putative transcription factor binding sites were identified with rVISTA, using 

TRANSFAC matrices for NFKB and AP-1 (associated with TLR4 signaling). Prediction 

parameters were set to minimize the sum of type I and type II errors. 
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Chapter 3: Results 

 

Characterization of the microRNA transcriptome in equine peripheral blood mononuclear 

cells 

 

A total of 327 mature miRNAs were detected, of 690 previously described in the equine genome. 

Of these, 266 were detected in at least one sample in every horse, and 191 were expressed in all 

samples. 283 were detected in baseline samples prior to culture. The 10 most abundant miRNAs 

in baseline samples (listed in Table 3), as determined by the mean read count after normalization 

for each sample as described above, accounted for 83% of the total mapped miRNA reads. A 

number of miRNAs with known roles in toll-like receptor signaling in other species were not 

detected or had very low expression in these samples. These included miR-9a, a miRNA with an 

identical mature sequence to human miR-9, that was not detected in any sample. miR-125b-5p, 

which has two possible encoding genes in both horses and humans, was only detected in 11/20 

samples, with a read count of less than 3 in each. Full details of all miRNAs detected, including 

genomic location, are given in Appendix A. 

 
miRNA Mean count in basal 

samples 

eca_miR-21 521,326 

eca_let-7g 122,459 

eca_miR-150 86,262 

eca_miR-148a 68,325 

eca_miR-142-
5p 60,926 

eca_miR-191a 34,123 

eca_miR-29a 26,760 

eca_miR-140-
3p 26,262 

eca_miR-30d 26,132 

eca_miR-27b 21,734 

 

 

 

 

 

TargetScan target analysis for the 10 most abundant miRNAs in equine PBMCs yielded a total of 

2,285 high-confidence target gene predictions (ranging from 2 for miR-142-5p to 879 for let-7). 

Figure 8. Histogram of distribution of miRNA 

abundance in baseline (time 0) samples. 

Table 3. The ten most abundant miRNAs in 

baseline (time 0) samples, based on mean 

normalized count. 



40 

 

These targets were involved in a wide range of biological processes (Figure 9), and there was 

some evidence of statistical over-representation of some pathways compared to a reference list of 

known equine genes. Highly represented specific pathways included Wnt signaling (54 genes, 2-

fold enriched, p=0.0005), integrin signaling (53 genes, 3-fold enriched, p<0.0001), inflammation 

mediated by cytokine and chemokine signaling pathways (36 genes, not enriched), and 

interleukin signaling pathways (20 genes, not enriched). Over-represented molecular functions 

included transforming growth factor β (TGFβ) activated receptor activity (6-fold enrichment, 

p=0.004), transmembrane receptor protein serine/threonine kinase activity (5-fold enrichment, 

p=0.01) and extracellular matrix structural constituents (4-fold enrichment, p<0.0001).  

  

 
 
Figure 9. Biological processes represented by the pooled predicted targets of the 10 most abundant miRNAs in 

equine PBMCs. The processes are annotated using the Panther GO-Slim Biological Process annotation set. The 

chart represents proportion of total process hits in each category. Note that some genes are not assigned to a 

process, and some genes are assigned to more than one. 

 

Differential expression of miRNAs in response to LPS 

After correction for multiple comparisons, only miR-155 showed a statistically significant 

difference in expression between LPS-treated cells and controls on analysis of the deep 

sequencing data. There was a non-significant 1.5-fold increase in expression at 2 hours and a 

significant 1.6-fold increase at 4 hours. Nine miRNAs showed statistically significant expression 

changes with time. Eight of these (miR-132, miR-146a, miR-146b-3p, miR-146b-5p, miR-155, 

cellular component organization or biogenesis
(GO:0071840)
cellular process (GO:0009987)

localization (GO:0051179)

apoptotic process (GO:0006915)

reproduction (GO:0000003)

biological regulation (GO:0065007)

response to stimulus (GO:0050896)

developmental process (GO:0032502)

multicellular organismal process (GO:0032501)

locomotion (GO:0040011)

biological adhesion (GO:0022610)

metabolic process (GO:0008152)

immune system process (GO:0002376)
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miR-193b, miR-212 and miR-449a) showed increased expression with time in culture, while one 

(mir-93b) decreased with time in the control group but increased in the LPS group. miR-146a, 

miR-449a and miR-93b showed trends towards changes in expression with LPS, but these did 

not retain statistical significance after the Benjamini-Hochberg procedure. Details of significant 

expression changes are shown in Figure 10.  

 

 

A 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

B

miRNA

Normalized 

Count F.C. P-value F.C. P-value F.C. P-value F.C. P-value

miR-96 7.1 ± 3.3 0.5 0.0020 1.6 0.071 0.4 3.7 x 10
-4

* 1.6 0.28

miR-132 649 ± 247 1.1 0.98 0.9 0.57 2.2 4.3 x 10
-4

* 1.8 0.0017

miR-146a 15290 ± 4668 1.1 0.87 1.3 0.0069 1.4 0.022 1.7 3.8 x 10
-5

*

miR-146b-3p 110 ± 85.9 1.5 0.26 1.2 0.43 4.0 9.6 x 10
-4

* 3.1 0.0019

miR-146b-5p 6118 ± 4466 1.2 0.69 1.3 0.22 3.1 9.8 x 10
-4

* 3.4 1.5 x 10
-4

*

miR-155 7115 ± 3208 1.5 0.0044 1.6 1.3 x 10
-4

* 1.8 4.6 x 10
-4

* 1.9 1.5 x 10
-5

*

miR-193b 157 ± 67.5 0.9 0.15 1.1 0.36 1.9 3.0 x 10
-4

* 2.4 1.7 x 10
-6

*

miR-212 28.2 ± 14.4 2.1 0.13 1.0 0.98 3.4 2.3 x 10
-4

* 2.1 0.0058

miR-449a 16.5 ± 7.9 1.8 0.011 1.2 0.2 2.9 5.2 x 10
-5

* 1.9 0.0011

Treatment Contrasts Time Contrasts

LPS vs Ctrl 2h LPS vs Ctrl 4h 4h vs 2h, Ctrl 4h vs 2h, LPS

 
 

Figure 10: miRNA expression changes on NGS analysis of equine peripheral blood mononuclear cells cultured 

with or without LPS for 2 or 4 hours. Only those miRNAs with at least one expression change retaining statistical 

significance after multiple comparison correction are shown. A: Heatmap of expression changes, with expression 
data standardized as described above. B: Details of expression changes of the same miRNAs. The normalized count 

(normalized as described above in the Materials and Methods) is presented as mean read counts ± S.D. across all 

16 samples (4 horses). P-values given are the raw p-values from the mixed model ANOVA. Differences that retained 
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statistical significance after the Benjamini-Hochberg procedure (false discovery rate <0.05) are denoted in bold 

with an asterisk. F.C. = fold change. 

Hierarchical clustering of expression patterns 

Two-way hierarchical clustering analysis (Figure 11) showed that expression patterns for 

individual samples clustered together principally according to horse of origin rather than 

treatment. Within each horse there was a tendency for LPS-treated samples to cluster together, 

but this was not completely consistent. A subcluster of 10 miRNAs was identified that 

segregated according to expression changes with treatment and time. This cluster (inset in Figure 

11) included miR-155, seven of the other eight miRNAs with statistically significant time 

effects, and also miR-222 and miR-107a. 

 

qPCR validation of expression changes 

Three miRNAs were selected for qRT-PCR validation of expression changes up to 8 hours, with 

a larger sample set (5 horses). miR-155 was selected due to its significant LPS-induced 

expression change, whereas miR-146a and miR-146b were selected due to strong time effects, 

trends towards an LPS effect, high expression and known roles in TLR regulation in other 

species.  

 

The qRT-PCR analysis confirmed a significant effect of LPS on miR-155 expression 

(p=0.00024), with 1.7-fold upregulation at 4 hours in LPS-treated cells compared to controls 

(p=0.039). LPS-induced increases at 2 hours (1.5-fold compared to controls) and 8 hours (1.4-

fold) did not reach statistical significance. No effect of LPS was evident for miR-146a and miR-

146b. As on the NGS analysis, expression of all three of these miRNAs increased with time 

(p<0.0001), but there was no significant treatment-time interaction. The magnitude and time 

course of expression changes for miR-155 was similar between NGS and PCR analysis. For 

miR-146a and miR-146b however, PCR data indicated a lower magnitude and later onset of the 

time-dependent increase, only significant at 8 hours. Comparison of expression changes assessed 

by the two modalities is presented in Figure 12. 

 

The selected endogenous control, miR-26a, showed high expression as detected by PCR. With 

the exception of a single extreme outlying data point (excluded from analysis) with a CT more 

than 5 standard deviations greater than the mean, this miRNA showed adequate evidence of 
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stability. It had a low coefficient of variation across all the samples (3.5%), and there was no 

evidence of significant effects of time or treatment on its expression. 
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Figure 11: Hierarchical clustering analysis of transcriptome-wide miRNA expression patterns from NGS data 

from 4 horses. The data shown incorporates expression in baseline samples and samples cultured with or without 

LPS for 2 or 4 hours. Expression data has been standardized as described above. The subcluster inset shows 10 

miRNA sequences that cluster according to expression changes with time and LPS stimulation.  

 
Figure 12. Expression changes with time in miR-146a, miR-146b and miR-155. A-C: Expression changes at 2 and 

4 hours as determined by NGS. Expression data are presented as fold change in normalized read count from 
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unstimulated samples at time 0. D-E: Expression changes from 2-8 hours as determined by qRT-PCR. Data have 

been normalized to the endogenous control miR-26a, and expressed as fold change from unstimulated samples at 

time 0 (2-ΔΔCT). The whiskers represent maximum and minimum values. Mean is indicated with a ‘+’. Significant 

differences (p<0.05) between LPS-stimulated and control cells are indicated by *. 

Cytokine production 

Supernatant cytokine concentrations were determined for all 8 horses. There was wide inter-

individual variation in cytokine production, especially for IL-4 which had a greater than 10-fold 

difference in peak concentration between individual horses. Supernatant TNFα concentration 

increased rapidly in LPS-stimulated cells (see Figure 13), with a significant increase compared to 

controls at 2 and 4 hours (p<0.0001). An increase was also seen in control cells from 4 hours, 

suggesting some stimulation of these cells during isolation and culture. As a result, although 

there was still a trend towards increased TNFα in LPS-stimulated cells at 8 hours, this difference 

was no longer statistically significant (p = 0.054). IL-10 and IFNγ showed a later increase, with 

minimal change by 4 hours but a larger increase at 8 hours, significantly greater in stimulated 

cells compared to controls (p<0.0001 for both cytokines). IL-4 and IL-17 increased with time but 

showed no effect of LPS. IFNα was not detected in any sample.  

 

 

Associations between miRNA expression and cytokine production 

The time course of expression changes in miR-155 was similar to that observed for supernatant 

TNFα concentration. Pairwise correlations between the cytokines TNFα, IL-10, IFNγ and IL-4, 

and the ΔCT values for the miRNAs miR-155, miR-146 and miR-146b are shown in Figure 14. 

The three miRNAs were strongly correlated with each other, consistent with their clustering 

pattern on the NGS data. miR-155 ΔCT values showed a moderate to strong negative correlation 

(r=0.8) with the cytokines TNFα, IL-10, and IFNγ (indicating a positive association between the 

cytokine concentrations and the miRNA expression levels). miR-146a and miR-146b had 

statistically significant but weaker correlations with these three cytokines. IL-4, which is not 

typically associated with the LPS response, was weakly correlated with miR-155 only. 
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Figure 13. Supernatant cytokine concentrations of A) TNFα, B) IL-10, C) IFNγ, D) IL-17 and E) IL-4. The 
whiskers represent maximum and minimum values. Mean is indicated with a ‘+’. Significant differences (p<0.05) 

are denoted by different letters. 
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Figure 14. Correlation matrix of associations between miRNA expression (on qRT-PCR) and supernatant 
cytokine concentration. The data represent all animals with both PCR and cytokine data (n=5), at times 2, 4 and 8 

hours. PCR data have been normalized to the endogenous control miR-26a. Cytokine data have been square-root 

transformed. The best fit line is indicated in red. Pearson’s correlation coefficient (r) and Bonferroni-adjusted p-

value are displayed for each pair. 

 

 

Functional analysis of targets of miR-155 and miR-146a/b 

TargetScan analysis yielded only 12 high confidence target predictions for miR-155 and 14 for 

miR-146a/b. These results are shown in Tables 4 and 5 respectively. Targets for miR-146a/b 

included multiple proteins involved in innate and adaptive immunity. The number of high 

confidence targets was too small for meaningful statistical over-representation analysis of gene 

ontology terms. Using a less conservative cutoff (context+ score < -0.1), 262 potential targets 
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were identified for miR-155 and 83 for miR-146a/b. Details of further target predictions from the 

alternative bioinformatic algorithm RNA22 are given in Tables 6 and 7. 

 

Predicted targets for miR-155 included 31 genes related to immune responses, of which 24 were 

associated with innate immunity, and 6 with TLR4 signaling. Notable predicted targets included 

SOCS1, TRAF3, inhibitor of NFκB kinase subunit epsilon (IKBKE), and ‘TGFβ-activated 

kinase 1 and MAP3K7-binding protein 2’ (TAB2). The full list of TargetScan target predictions 

for miR-155 is given in Appendix A. Statistical over-representation analysis in comparison to a 

reference set of 20,384 equine genes found significant enrichment of a large number of GO 

biological process terms including many relevant to immunity. These included the innate 

immune response (11-fold enrichment, p<0.0001), TLR signaling, the MyD88-independent 

pathway, MAPK activation and lymphocyte co-stimulation. However, comparison to a more 

fully annotated reference set of 20,814 human genes did not corroborate these findings, 

indicating enrichment only for more general terms including negative regulation of cell 

differentiation (3-fold enrichment, p=0.034) and positive regulation of transcription (3-fold 

enrichment, p<0.0001). 

 

Of the 83 potential targets of miR-146a/b, 13 were related to the immune response, including 10 

related to innate immunity, 8 to MAPK regulation, 7 to the response to LPS, 6 to cytokine-

mediated signaling pathways and 4 to toll-like receptor signaling. Notable predicted targets 

included IRAK1, TRAF6, TLR4 and MAP3K7. As for miR-155, when compared to a reference 

list of equine genes, numerous immune-associated GO biological process terms were enriched 

including the response to LPS (13-fold enriched, p=0.0075) and toll-like receptor signaling (36-

fold enriched, p=0.035). In comparison to the human reference gene set, the PANTHER pathway 

term ‘toll receptor signaling’ retained significance (20-fold enrichment, p=0.0089), as did the 

GO biological process term ‘positive regulation of NFκB-inducing kinase / NFκB activity’ (42-

fold enrichment, p=0.026).  
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Human gene ortholog Protein class 
Known pathway 
involvement 

Zinc finger protein with KRAB and SCAN domains 8 nucleic acid binding 
 

Zinc finger transcription factor Trps1 
zinc finger transcription factor; 
nuclease  

Mothers against decapentaplegic homolog 2 transcription factor 
TGFβ signaling pathway; 
GnRH receptor pathway 

Solute carrier family 12 member 6 
  

PAX3- and PAX7-binding protein 1 
transcription factor; nucleic acid 
binding  

Protein Jumonji zinc finger transcription factor 
 

Adenylyl cyclase-associated protein 2 actin family cytoskeletal protein 
 

Fibroblast growth factor 7 growth factor FGF signaling pathway 

Zinc finger protein 652 
KRAB box transcription factor; 
DNA binding protein  

Teashirt homolog 3 zinc finger transcription factor 
 

Uncharacterized protein C2orf80 
  

Interferon regulatory factor 2-binding protein 2 
  

Table 4: High confidence TargetScan predictions for miR-155. 

 

 

Human gene ortholog Protein class Known pathway involvement 

Immunoglobulin superfamily member 1 
immunoglobulin receptor 
superfamily  

Protein FAM210A 
  

C-X-C motif chemokine 10 chemokine 
Inflammation mediated by 
chemokine and cytokine signaling 
pathway 

Protein PRRC1 
  

TNF receptor-associated factor 6 (TRAF6) signaling molecule 
Toll-like receptor signaling 
pathway; p38 MAPK pathway; 
CCKR signaling map 

Sodium-coupled neutral amino acid transporter 1 amino acid transporter 
 

Interleukin-1 receptor-associated kinase 1 (IRAK1) 
 

Toll-like receptor signaling pathway 

Tudor and KH domain-containing protein nuclease 
 

Receptor tyrosine-protein kinase erbB-4 
 

EGF receptor signaling pathway; 
Cadherin signaling pathway 

Extended synaptotagmin-2 
  

N-alpha-acetyltransferase 50 acetyltransferase 
 

Caspase recruitment domain-containing protein 10 
 

Zinc finger and BTB domain-containing protein 2 
KRAB box transcription 
factor  

Protein WWC2 
  

Table 5: High confidence TargetScan predictions for miR-146a/b. This algorithm assumes that the two closely 

related miRNAs will target the same genes. 
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Genes with statistically significant miRNA binding sites 

Gene Starting position 
on mRNA 

Folding energy 
(Kcal/mol) 

Heteroduplex structure P-value 

AKT1 1766 -12.0 GCC-AGGTCGGGAGGAGAATTGT 

:||   :||: ||  || |||:  

TGGGGATAGTGCTAATCGTAATT 

0.020 

CTNND1 5054 (+ 2 other sites at 
p>0.05) 

-14.0 TCCCCT-TC-C-CTATGCATTGA 

 ||||| || |     |||||:| 

TGGGGATAGTGCTAATCGTAATT 

0.0095 

GSK3B 4019 -13.6 ATTCCTAAAGGGAATGGCTTTGA 

|::||||  : || |:|| ||:| 

TGGGGATAGTGCTAATCGTAATT 

0.030 

NFAT5 2745 (+ 1 other site at 
p>0.05) 

-14.4 ACTTCTCATATGATGAGTGCATTAT 

||::||  :|:|||    ||||||  

TGGGGATAGTGCTA--ATCGTAATT 

0.025 

TAB2 534 -13.0 GACTCTAACGC--ACAGCATTAG 

  |:||| |:|    |||||||: 

TGGGGATAGTGCTAATCGTAATT 

0.023 

Genes with binding sites identified but p>0.05 
CBL (3 sites), CD81, FOS, MyD88, NFKB1 (2 sites), PAK2, PDK1, PIK3R1, PPP5C, RAP1B, RHOA, TGM2,VAV2 

Genes with no miRNA binding site identified 
ADAM10, ALDH1A2, CARD11, CCL2, CDK4, CEBPB, CLDN1, CTLA4, CTNNA1, CTNNB1, FADD, ICAM1, IKBKE, IL2, 
IL6, IL8, INIPP5D, ITK, JUN (AP-1), KRAS, KYNU, MAPK14, MAP3K14, NOS3, NUP62, PIK3CA, RAC1, SELE, SOCS1, 
SOCS3, STAT3, TICAM2, VCAM1 
 

Table 6. RNA22 binding site predictions for eca-miR-155, in a set of 51 mRNAs with experimental evidence 

ofmiR-155 targeting in humans and mice. These target genes have functions in TLR signaling, lymphocyte 

signaling, cytokine responses and leukocyte transendothelial migration. ‘Folding energy’ indicates the free energy 

change resulting from formation of the RNA duplex structure, with a negative value indicating a thermodynamically 

favorable process. The p-value represents the probability that the putative target site is random. Target genes 

denoted in bold were also predicted as targets by TargetScan (context+ score < -0.2). TAB2 = TGFβ- activated 

kinase 1/MAP3K7 binding protein 2; AKT1 = v-akt murine thymoma viral oncogene homolog 1; CTNND1 = catenin 

(cadherin-associated protein) delta-1; GSK3B = glycogen synthase kinase 3β; NFAT5 = nuclear factor of activated 

T-cells 5. 
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 Genes with statistically significant miRNA binding sites 

Gene miRNA Starting 
position 

on mRNA 

Folding 
energy 

(Kcal/mol) 

Heteroduplex structure P-value 

AKT3 miR-146a (+2 sites at 
p>0.05 for miR-146a 
and b) 

1679 -14.8 CACCC-CGGACCCAGCAGGTCTCC 

 ||||  |||     ||| ||||  

TTGGGTACCT--TAAGTCAAGAGT 

0.0059 

CXCL12 miR-146a (+ 4 sites at 
p>0.05) 
miR-146b (+ 2 sites 
at p>0.05) 

1570 
 
1570 

-14.9 
 
-12.5 

GGCC-CTGATTTTCAGTGCTTT 

:|||  ||   |||||| ||:  

TCGGATACCTTAAGTCAAGAGT 

 

(miR-146a shown) 

0.0052 

CXCR4 miR-146a (+ 2 sites at 
p>0.05 for miR-146 a 
and b) 

202 -12.7 TGCCCATTTCAACCAGATCTTC 

 :|||||      ||| |||:  

TTGGGTACCTTAAGTCAAGAGT 

0.034 

FAF1 miR-146a 
 
miR-146b 

196 -13.19 
 
-15.69 

GGCCTCTAGCAAGCACGTTCTCA 

:||||        || ||||||| 

TCGGATACCTTAAGT-CAAGAGT 

  

 (miR-146b shown) 

0.048 
 
0.048 

IRAK1 miR-146a (+1 site at 
p>0.05); 
miR-146b (+2 sites at 
p>0.05) 

1130 
 
1130 

-13.1 
 
-13.1 

CAGCTCGGGCAATTCAGTTTTTG 

       || |||||||||:|:  

TTGGGTACC-TTAAGTCAAGAGT 

 

(shown for miR-146a) 

0.0037 
 
0.0037 

IRAK2 miR-146a 
 
miR-146b 
 
miR-146a 
 
miR-146b 

919 
 
917 
 
1587 
 
1587 

-13.4 
 
-13.1 
 
-14.2 
 
-12.6 

CCTACATGGCAAATGGTTCTCT 

    |||||     :||||||  

TTGGGTACCTTAAGTCAAGAGT 

 

(miR-146a shown) 

 

CTCCCTTGGAGT-GGGCTTTCT 

      ||||:|  :| |:||  

TCGGATACCTTAAGTCAAGAGT 

 

(miR-146b shown) 

0.043 
 
0.043 
 
0.0032 
 
0.0032 

Genes with binding sites identified but p>0.05 
CARD10 (miR-146b), CCL5 (miR-146b), CCL8, CD80 (2 sites for miR-146a and miR-146b), CXCL8 / IL8 (miR-146b), 
FADD (2 sites for miR-146a, 1 for miR-146b), ICAM1 (miR-146a), IL1RAP, STAT1 (2 sites for miR-146a, 3 for miR-
146b), TLR2, TLR4, TRAF6 (5 sites for miR-146a, 3 for miR-146b) 

Genes with no miRNA binding site identified 
CD86, EGFR, IRF5, IRF7, NFKB1, NMI, RAC1, ROCK1, SPP1  
 

Table 7. RNA22 binding site predictions for eca-miR-146a-5p and eca-miR-146b-5p in a set of 32 mRNAs with 

experimental evidence of miR-146a/b targeting in humans and mice. These target genes have functions in TLR 

signaling, lymphocyte signaling, cytokine responses and leukocyte transendothelial migration. ‘Folding energy’ 

indicates the free energy change resulting from formation of the RNA duplex structure, with a negative value 

indicating a thermodynamically favorable process The p-value represents the probability that the putative target site 
is random. Target genes denoted in bold were also predicted as targets by TargetScan (context+ score < -0.2). 

AKT3 = v-akt murine thymoma viral oncogene homolog 3; CXCL12 = C-X-C motif chemokine ligand 12; CXCR4 = 

C-X-C motif chemokine receptor 4; FAF1 = Fas associated factor 1; IRAK = interleukin-1 receptor-associated 

kinase. 
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Conservation of equine miRNA genes 

The equine mature miR-155 sequence is identical to the human miRNA, but differs from the 

murine miRNA by a single nucleotide (C versus U at position 12/23). The human miR-155 

precursor gene, formerly known as the B-cell Integration Cluster, is located on chromosome 21 

and contains 4 exons in the most recent genome assembly and Ensembl annotation (although 

older sources cite 3 exons
180

). The orthologous equine gene is located on chromosome 26, but in 

the current genome assembly only the 65bp sequencing encoding the pre-miRNA is annotated. 

Alignment of the adjacent sequences to the human gene showed a high degree of conservation of 

both exonic (with the exception of exon 2) and intronic regions, including promoter sequences. 

In contrast, alignment of the human gene with the orthologous murine gene (on chromosome 16) 

showed lower conservation. RankVISTA analysis of conservation across all three species 

showed two statistically significant conserved regions, a 349bp sequence covering exon 1 and 

part of exon 2 (p = 1.4 x 10
-7

), and a 1639bp region beginning approximately 1100bp upstream 

of exon 4 (p = 2.4 x 10
-18

). This latter highly conserved region includes a segment that, while 

outside the promoter region designated in the current release of the human genome, contains a 

number of clustered putative binding sites, for NFκB and AP-1. The combination of conservation 

and multiple clustered transcription factor binding sites suggests that this area has promoter 

activity. Across the whole gene (including introns) and associated promoter regions, a total of 7 

putative NFκB binding sites were predicted that were conserved between humans and horses, 

and 9 conserved AP-1 binding sites. Only two of the NFκB and three of the AP-1 binding sites 

were conserved across all three species. Full details of the gene structure and alignment are 

shown in Figure 15. 

 

The mature sequences of miR-146a and miR-146b are identical in horses, humans and mice. The 

pre-mir-146a encoding sequence in humans (but not in mice) is set within the MIR3142 gene on 

chromosome 5, that contains 2 exons separated by approximately 16kbp. The equine ortholog is 

located on the reverse strand of chromosome 14. Alignment of the full MIR3142 gene to the 

equine genome showed moderate to high conservation in some regions, but with multiple 

insertions and deletions. The locus of the pre-mir-3142 encoding sequence corresponded to a 

137bp deletion in the equine gene, consistent with the fact that this miRNA has not previously 
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been detected in the equine genome or in sequencing experiments. The corresponding region of 

the murine genome showed only very limited regions of homology (Figure 16). RankVISTA 

analysis indicated the presence of three regions conserved across all three species. A 1147bp 

conserved region (p = 1.7 x 10
-14

) was located within the putative human promoter region and 

encompassed the first exon of the MIR3142 gene. A second 308bp sequence (p = 0.00028) was 

located within an intron, approximately 640bp upstream of the pre-mir-3142 sequence. A third 

161bp sequence (p = 0.0039) corresponded to the location of the pre-mir-146a gene itself. This 

conserved portion of the putative promoter region, approximately 14,000bp upstream of the pre-

mir-146a gene in the horse, contained a cluster of five conserved predicted NFκB binding sites (4 

in the mouse). The remainder of the approximately 20kbp sequence analyzed contained only a 

single conserved AP-1 binding site in the mouse, whereas a total three putative NFκB sites and 

two AP-1 sites were conserved between horses and humans. One of these NFκB was present 

within 500bp upstream of the miRNA encoding segment, while an AP-1 site was located 

immediately downstream. 

 

 
Figure 15. Organization and conservation of the miR-155 precursor gene. The structure of the human precursor 

gene is shown, with the location of the pre-miRNA-encoding region and promoter regions as described in the 

current assembly of the human genome. Comparison to the equine gene, and alignment with both human and murine 
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genes is shown. Only predicted transcription factor binding sites conserved between humans and horses are 

indicated. Conservation is defined here as 70% nucleotide identity across a 100bp reading frame. 

 
Figure 16. Alignment of mir-146a encoding genes and flanking sequences. The organization of the human gene is 

shown at the top. 

 

Conservation of the miR-125b genes was also assessed given its notable lack of expression in the 

horse compared to other species. This miRNA is encoded by two separate genes in humans, 

MIR125B-1 (on the reverse strand of chromosome 11), and MIR125B-2 (on chromosome 21). 

The latter gene is set within the introns of multiple overlapping transcripts relating to the 

precursor of miR-99a. Mice and horses both retain a very similar genetic arrangement. The 

equine gene encoding miR-125b-1 is located on the reverse strand of chromosome 7, while that 

for miR-125b-2 is on the forward strand of chromosome 26, in close proximity to the gene for 

eca-miR-99a. Alignment of the genomes in this region revealed a high degree of conservation 

between the three species, but closer homology between humans and horses than between 

humans and mice. No conserved NFκB binding sites were identified, although one promoter 

segment with over 90% homology was identified approximately 1400-1800bp upstream of the 

miR-125b-2 encoding gene sequence that contained a conserved cluster of 4 AP-1 binding sites 

in all 3 species. An additional two AP-1 binding sites a further 800bp upstream were conserved 

between humans and mice but absent in horses.  
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Chapter 4: Discussion 

 

Characterization of the miRNA transcriptome in equine PBMCs 

These data provide the first description of miRNA expression in equine leukocytes, building on 

previous studies in other equine tissues, and provide further experimental validation of equine 

miRNAs predicted in silico. 

 

Direct comparison with expression patterns in other equine tissues from previous studies is 

difficult due to differences in methodology and variable detail of reporting, but some broad 

comparisons can be made. Kim et al. 
148

 identified 99 previously identified miRNAs to be 

specific to colon, 31 to liver and 36 to muscle, although in this paper the defined mature 

sequences of isoforms (e.g. let-7a versus let-7a-2) differed from the reference database
151

. In the 

present study, 76 of the colon-specific, 24 of the liver-specific and 17 of the muscle-specific 

miRNAs were also detected in PBMCs. These included some of the most abundant miRNAs in 

this population of leukocytes, including let-7g and miR-148a (considered liver-specific), and 

miR-150 and miR-142 (considered colon-specific). Furthermore, miRNAs of likely functional 

significance in PBMCs, including miR-146a, miR-146b and miR-155 were previously 

designated as colon-specific. The presence of macrophages and lymphoid tissue in the colon 

could account for some of this overlap. More detailed expression data is available for equine 

cartilage and subchondral bone 
147

. Expression patterns in these tissues have few similarities to 

the pattern seen in equine PBMCs (see Table 8). The circulating plasma pool of miRNAs 
149

 has 

more similarities to the PBMC transcriptome, and this is likely to be because PBMCs contribute 

in part to this pool. The miRNome described in equine whole blood by Mach et al. 
160

 using a 

custom microarray had some commonalities with PBMCs and some with plasma, as expected, 

but also contained other miRNAs derived from different sources (such as neutrophils, 

erythrocytes or platelets). There were however some miRNAs prominent in both PBMCs and 

plasma (e.g. miR-21 and let-7g) that were detected at relatively low levels in whole blood, 

potentially due to differences in methodology. miRNA profiles have not been established in 

many equine tissues, and as reporting is often incomplete even for those tissues with available 

data, it cannot be determined whether any of the miRNAs detected in the present study were 

truly specific for PBMCs. 
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Tissue specificity of miRNAs has been studied in more detail in humans and mice 
181

. The 

miRNAs most specific to hematopoetic cells in humans are miR-223, miR-142, miR-150, and to 

a lesser extent miR-155 and miR-205 in humans. Similarly in mice, miR-150, miR-155 and miR-

142 are most specific to these cell types. miR-205 was not detected in any baseline sample in this 

study, but the other four were all expressed at moderate to high levels (read count >3000 in 

baseline samples). There are also clear similarities with the transcriptome in human equine 

PBMCs, although some species differences appear to be present (see Table 8). It is however 

notable that there is marked variation in the human PBMC transcriptome between studies, 

suggesting an influence of subject population (e.g. gender, ethnicity or health status) or cell 

population and processing (e.g. whether granulocytes were present). miRNAs found to be highly 

specific for other tissues were in general expressed at low levels in equine PBMCs. For example, 

miR-302a and miR-153 (both of which have been predicted in the equine genome) are embryo-

specific, and were not detected in any PBMC sample. Similarly, miR-124 and miR-488 are both 

specific for the nervous system and were not detected in equine PBMCs, although they have 

been detected in equine colon, which does contain nervous tissue 
148,181

. 

 

Gene ontology analysis of predicted target genes for the most abundant miRNAs revealed a wide 

range of functions, that broadly reflects the distribution of functions across the whole equine 

gene set. Although individual miRNAs are likely to have more specialized functions, there was 

little evidence of functional specialization across this group as a whole, with many of the 

targeted pathways common to many tissues. The Wnt and integrin signaling pathways, which 

were statistically over-represented, are involved in a wide range of processes involving cell 

proliferation and migration, cell fate determination and cell-cell or cell-matrix interactions. The 

statistical enrichment of TGFβ-activated pathways may be of functional significance, as TGFβ 

has multiple roles in immune cells, including regulation of T-lymphocyte differentiation, 

inhibition of B-lymphocyte proliferation, and inhibition of NFκB signaling 
182

.  
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Equine 

PBMCs 

Human 

PBMCs* 

Human 

PBMCs 

 
Equine Tissues 

Cartilage Bone  Plasma Whole 
blood † 

 Liver Muscle Colon 

1 miR-21 let-7b-5p # miR-223 miR-140-3p miR-126-5p let-7f miR-486-5p # miR-122 miR-1 # let-7a 

2 let-7g let-7g-5p miR-150 miR-126-5p miR-451 let-7a miR-92a-3p let-7a let-7a let-7f 

3 miR-150 miR-3184-3p # miR-126 miR-99a-5p # miR-199a-5p # miR-191a miR-15b-5p let-7f let-7f let-7c 

4 miR-148a miR-423-5p miR-21 miR-140-5p miR-99a-5p # let-7g 

novel miRNA 

(443) let-7c miR-206 # miR-143 # 

5 miR-142-5p miR-185-5p # miR-342 miR-23a-3p miR-140-3p miR-486-5p # miR-25-3p miR-192 let-7c miR-1 # 

6 miR-191a let-7f-5p miR-191 miR-125a-5p miR-181a-5p # miR-24 # 

novel miRNA 

(995) let-7e miR-378 miR-192 

7 miR-29a miR-320a # miR-19a miR-199a-5p # miR-23a-3p miR-223 miR-223-3p let-7g let-7g let-7e 

8 miR-140-3p let-7a-5p miR-23a miR-23b-3p miR-145-5p # miR-21 miR-150-5p miR-101 miR-101 let-7g 

9 miR-30d miR-103a-3p miR-142 miR-451 miR-214-3p # miR-92a miR-197-3p miR-423-5p miR-29a miR-423-5p 

10 miR-27b miR-29a-3p miR-425 miR-24-3p # miR-24-3p # miR-103 miR-425-5p miR-199a-3p # let-7e miR-199a-3p # 

Ref. 
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184
 

147
 

147
 

149
 

160
 

148
 

148
 

148
 

Table 8: Comparison of the ten most abundant miRNAs in equine PBMCs, human PBMCs and other equine samples, as determined by NGS. miRNAs in 

other samples that correspond to the 20 most abundant in equine PBMCs are indicated in bold. miRNAs that are absent or expressed at very low levels (read 

count <10) in equine PBMCs are indicated with #. * Note that the cells in this study were a more mixed peripheral leukocyte population. † Expression levels in 

whole blood (before exercise) in this study were measured by microarray, using a panel of miRNAs derived from a preliminary NGS experiment in other tissues.
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Strong conclusions cannot be drawn from this functional analysis however due to the limitations 

of the bioinformatic algorithms involved. Fewer tools are available for use with equine genomic 

data than for humans or more commonly used laboratory animals, and the annotation of the 

equine genome is less advanced than these species. The miRNA target prediction algorithm used 

only analyzes the 3’UTR and so will not detect interactions at other sites, and only genes with 

known human orthologs will be recognized. Even in other species, bioinformatic target 

predictions are not considered reliable, and experimental validation is always necessary to 

confirm the interaction. Functions of many genes are not known, and gene ontology analysis 

does not always distinguish the nature of a gene’s function within a pathway, for example 

whether it is stimulatory or inhibitory. These analyses furthermore do not take into consideration 

whether a predicted target gene is actually expressed in the cell type under investigation. 

 

 

miR-155 is the principal LPS-induced miRNA in equine PBMCs 

The expression change observed in this study supported the primary hypothesis that LPS induces 

differential expression of miRNAs, although the expression changes observed were not as 

extensive as anticipated. The LPS-induced upregulation of miR-155 in this model is consistent 

with observations in other species. Upregulation has been observed in the majority of human and 

murine models and cell lines studied to date, although there are occasional exceptions, such as a 

lack of change observed by Takahashi et al. in stimulated adult human peripheral blood 

leukocytes 
102,99,105,103,106,109,73,104,108

. Bovines monocytes respond in a similar manner to human 

monocytes, with upregulation of both miR-155 and miR-146a in vitro 
106

. 

 

No effect of LPS on expression of miR-146a or miR-146b in equine PBMCs could be 

demonstrated in the current model. Although a trend towards increased expression of miR-146a 

with LPS was observed on analysis of deep sequencing data, this was not confirmed in the 

validation sample set by qRT-PCR. LPS-induced upregulation of miR-146a has been observed in 

numerous models, especially in pure cultures of cells of the monocyte-macrophage lineage 

99,105,103,106,107,73
. This response is not universal, however, and other studies have reported no 

change in expression in human B cells 
73

, or in CD4+, CD8+ and CD14+ cells derived from 
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human cord blood or adult peripheral blood 
108

. The lack of change observed here is therefore not 

unprecedented. 

 

The limited extent of LPS-induced expression changes in this model was surprising. Expression 

changes were observed with time in culture but with no apparent effect of LPS for a number of 

miRNAs, including miR-146a, miR-146b, miR-132, miR-212, miR-193 and miR-449a. These 

expression changes are likely to be a result of background stimulation of control as well as 

stimulated cells, either from the cell isolation and culture procedures themselves, or from small 

quantities of contaminating LPS. As the horse’s stable environment contains abundant LPS, it is 

difficult to ensure that samples collected in the field are truly LPS-free, even with aseptic 

technique. TLR4 is not specific for LPS, and can also respond to a wide range of other ligands 

including host-derived heat shock proteins, fibrinogen and heparin sulfate fragments 
16

, and so 

such other stimuli could equally be responsible for the stimulation observed in control cells. 

This background stimulation could have masked some treatment effects, and thus it remains 

possible that some of these miRNAs are in fact LPS-responsive in vivo. Significant differences 

in cytokine concentrations (TNFα at 2 and 4 hours, and IL-10 and IFN-γ at 8 hours) and miR-

155 expression do however confirm that sufficient difference was achieved between the control 

and stimulated cells to observe an effect of LPS. 

 

Aside from the background stimulation of control cells discussed above, LPS type, duration and 

dose can all influence the induced expression profile. Many studies have used longer stimulation 

times than in this model, which could explain some of the observed differences. However, 

significant expression changes have been observed within 2 hours 
104,105,110

. The time course of 

this experiment should therefore have been adequate to see a response in primary LPS-induced 

miRNAs, at least those induced by the more rapidly-responding MyD88-dependent pathway. 

Delayed induction of miR-146b after 8 hours has been described in human monocytes, via an 

IL-10-mediated pathway 
105

. This type of delayed response could also be the case in horses and 

would not have been detected over the time frame studied. Further investigation of delayed 

expression changes at 12 and 24 hours in equine cells is planned, to assess this possibility. 
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A relatively low concentration of LPS of relatively high purity (purified by gel filtration 

chromatography, protein <1%) was used in this model. Purer forms of LPS have previously 

been shown to induce expression of some miRNAs less efficiently 
73

, suggesting that other 

contaminating bacterial products such as lipoproteins may contribute to the stimulation with 

cruder LPS preparations. Higher LPS doses have been used in most studies with cells of murine 

and human origin, but given the horse’s exquisite sensitivity to LPS these doses may not be 

appropriate in an equine model. Previous studies have shown maximal cytokine expression in 

equine monocytes with LPS concentrations below 1 ng/ml, compared to the 10 ng/ml 

concentration used in this study. It is possible that a lower dose could have produced a different 

expression pattern. In mouse models, an ultra-low LPS dose (100pg/ml) has been shown to have 

contrasting physiological effects to low doses (10ng/ml - 1µg/ml), exacerbating sepsis mortality 

rather than inducing endotoxin tolerance
185

. A similar phenomenon could occur in horses, and 

thus reconfirming the findings of this study with lower clinically relevant doses would be 

worthwhile. Higher concentrations are not likely to be clinically relevant. Reported plasma 

endotoxin levels in equine clinical cases vary widely, but almost all cases reported (including 

septic foals and adults with gastrointestinal disease or other septic conditions) have plasma 

concentrations below 1 ng/ml, often below 100 pg/ml 
3,5,9

. A single report found higher levels in 

septic foals, with a median of approximately 8 ng/ml with Gram negative sepsis and a single 

case as high as 270 ng/ml 
8
, although differences in measurement methodology make 

comparisons difficult. Clinical signs can be induced in horses by intravenous infusion of 20 

ng/kg, but even a large sub-lethal dose of 3µg/kg resulted in a plasma concentration of only 4 

ng/ml 
5
. Expression changes seen at higher LPS concentrations would therefore not accurately 

reflect the course of events in naturally occurring disease.  

 

Species and cell line effects could certainly account for some of the differences between this 

model and observations in previous studies. The cell population used here was a mixed 

population of peripheral blood mononuclear cells, consisting of approximately 80% lymphocytes 

and 20% monocytes, with small numbers of neutrophils and basophils. In contrast, while a small 

number of studies have been conducted with mixed human leukocyte populations, the majority 

of studies regarding involvement in innate immunity have used single cell lines such as isolated 

monocytes, RAW264.7 murine macrophages or THP-1 cells (a human myeloid leukemia line). 
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The mixed PBMC population is in many ways more physiologic, as leukocyte lineages do not 

function in isolation, and there is extensive communication between lymphocytes and cells of the 

monocyte-macrophage lineage to direct the immune response. For example, the LPS-stimulated 

PBMCs in this equine model produced higher levels of IFNγ after 8 hours in culture, most likely 

from Th1 lymphocytes, CD8+ cytotoxic T cells, and natural killer cells 
186

. IFNγ has been shown 

to downregulate expression of miR-146a, miR-146b and miR-132 in human cord blood CD14+ 

cells 
108

, and so this effect could have blunted a primary LPS-induced upregulation in the mixed 

population. Expression changes in a single cell type may also be masked or diluted if other cells 

in the sample respond in a different manner. This could for example explain the relatively low 

magnitude of the increase in miR-155 in this model, as while this miRNA is expressed in both 

monocytes and lymphocytes, TLR signaling is less prominent in the latter. It is thus possible that 

biologically significant changes in expression of specific miRNAs (such as miR-146a) are 

occurring within a specific subset of equine PBMCs, that would not be detected by analysis of 

the pooled cell population. Involvement of miRNAs in the regulation of the inflammatory 

response to LPS could therefore be considerably greater than suggested by the limited expression 

changes demonstrated here. Further studies will be necessary to elicit the precise contributions of 

individual cell lines to the overall response. 

 

This study is to the best of the author’s knowledge this first to use NGS to assess LPS-induced 

miRNA expression change in any species, with published studies in other species predominantly 

employing microarray or qRT-PCR. The NGS platform is expected to be more robust than 

microarrays, with a higher dynamic range and greater sensitivity to detect expression changes 

146,187
. The limited range of expression changes observed in this study is therefore unlikely to be 

a consequence of the analysis platform. Difficulties optimizing the PCR assays could however 

have reduced the strength of the results, as reliable data could not be obtained for all 8 horses. 

Problems with the methodology are further illustrated by the comparison between the 

sequencing and PCR data. For the two horses with data from both platforms, there was a strong 

correlation between the normalized sequence count and the ΔCT (normalized to miR-26a) for 

miR-155 (adjusted R
2
 0.85, p<0.0001), while there was only a weak correlation for miR-146a 

(adjusted R
2
 0.35, p=0.04), and no correlation for miR-146b (adjusted R

2
 0.02, p=0.30). This 

reduces confidence in the conclusions regarding these miRNAs, and these assays cannot be 



62 

 

recommended for equine use for these specific sequences without further refinement. Other 

miRNA PCR technologies, such as older generation Taqman® assays using specific stem-loop 

primers, have been used with some success in equine samples in other studies
147,161

. These 

should be considered for future investigations into these miRNAs, but with the caveat that 

optimization problems have also been encountered with these alternative technologies 
161

. The 

use of multiple simultaneous endogenous controls would also be desirable to strengthen PCR 

expression data. A second endogenous control (miR-103a) was attempted for this study, but 

ultimately rejected due to low expression, optimization problems and data in other species 

indicating LPS-induced expression change 
111

. The endogenous control selected, miR-26a, 

appeared to function adequately in this context, but validation of further controls is desirable. 

 

Beyond the technical difficulties, the comparatively limited range of expression change detected 

in this study could be related to limitations of the culture and stimulation model, genuine species 

differences, or false positives in other studies. The lack of consistency in LPS-induced miRNA 

expression changes in other studies is remarkable, with a few exceptions including miR-155 as 

identified in this equine model. The magnitude of expression changes is also highly variable. The 

1.7-fold change in miR-155 expression observed here in equine PBMCs stimulated with E. coli 

O111:B4 LPS for 4 hours was comparable to that observed in human cord blood CD14+ cells 

stimulated for 10 hours with the same LPS
108

. Other studies in pure cell lines have however 

documented much greater expression changes 
99,105

. The variability between studies suggests that 

many of the previously observed expression changes are highly context-specific, or specific to 

certain cell lines or genetic origins of the subjects, rather than being universal changes. False 

positives are also inevitable with this type of screening experiment, especially with the small 

numbers of biological replicates typically used, although these may be reduced (but not 

eliminated) with appropriate statistical methods. It is possible that the procedure for control of 

the false discovery rate in this study could have increased the number of false negative results. 

However, only a small number LPS-induced expression changes were identified with raw p-

values <0.05, and these were largely limited to effects at 2 hours only and had low basal 

expression levels. A threshold level of approximately 100 copies per cell is thought to be 

required for effective target suppression by miRNAs 
188

, and although it is unclear how this 

translates to the semi-quantitative expression data derived from deep sequencing, the functional 
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significance of these low-abundance miRNAs is dubious. It is therefore unlikely that the 

correction for multiple comparisons excluded many expression changes of biological 

significance. 

 

The lack of basal expression of miR-125b in this cell population was an unexpected finding. 

Although not one of the most abundant miRNAs in human PBMCs, miR-125b has been shown 

to be down-regulated in response to LPS in a number of human and murine models using 

myeloid cells 
102-104

. It is also downregulated in response to Staphylococcus aureus enterotoxin 

B (but not LPS) in bovine monocytes 
106

. Its targets include NFκB, and thus it has been 

suggested to play a role in maintaining quiescence of the inflammatory cascade under resting 

conditions, until toll-like receptor activation releases this suppression. In horses, this constitutive 

expression does not occur, and so one anti-inflammatory safeguard is lacking. The reasons for 

this apparent species difference are unclear. False negative sequencing results are uncommon 

but can occur. For example, miR-26a was only detected at very low levels by NGS, but both 

PCR and preliminary microarray data indicated much higher expression. This could be due to 

sequence-specific bias in adaptor ligation during library preparation, or to errors in annotation. 

For miR-125b, however, the lack of expression was consistent with preliminary microarray data 

(data not shown). Both of the miR-125b precursor genes (which produce an identical mature 

miRNA) are present in horses, with a very similar structure to humans and a high sequence 

homology in the surrounding promoter regions. It is likely that either a key stimulatory factor 

(or its response element on the chromosome) is missing in the horse, or that additional inhibitory 

factors predominate to suppress miR-125b production in equine inflammatory cells. As the 

sequencing protocol used in this experiment only detected mature miRNA sequences, it is 

unknown if transcription of the pre-miRNA was also lacking, or if suppression of this miRNA 

was occurring at a post-transcriptional level. The closely-related miRNA miR-125a was 

expressed in equine cells at higher levels, and this is likely to have similarities in targets and 

function. Expression of this miRNA was however stable with both time and treatment, and so it 

does not seem to be involved in the LPS response in the same manner as miR-125b in other 

species. 
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Overall, the LPS-induced expression changes observed here in equine PBMCs are likely to be a 

conservative estimate, and the data do not preclude the possibility of functionally significant 

expression changes within specific cell lines or in different biological contexts. The LPS-

induced upregulation can be viewed with a high degree of confidence, especially given its 

consistency with other models.  

 

Regulation of miRNA expression in LPS-stimulated cells 

miR-155 is one of the most studied of all miRNAs, and is implicated in a number of disease 

processes. The mechanisms of induction of miR-155 have been the subject of a number of 

studies, and seem to vary according to cell line and stimulus 
180

. The transcription factors NFκB 

and AP-1 both play prominent roles, with AP-1 appearing more important in induction by LPS in 

some models
189

. These same AP-1 and NFκB-mediated pathways will also result in miR-155 

induction by other cytokines such as TNFα and IFNγ. An AP-1 binding site just upstream of 

exon 2 (see Figure 15) is thought to play an important role, and it is therefore notable that this 

site is conserved in the equine genome. Multiple conserved NFκB binding sites were also 

detected in the equine genome, and thus it is likely that regulation of expression via this pathway 

is very similar in horses and humans. This is further supported by the temporal association 

between miR-155 expression changes and changes in production of TNFα, which is induced by 

(and also induces) NFκB 
190

.  miR-155 expression is also regulated by a number of other factors. 

For example, the transcription factor FOXP3, which is associated with regulatory T-cells (Tregs), 

can directly induce pri-miR-155 transcription, and this event plays a central role in Treg 

development 
180

. Negative feedback pathways have been identified that can temper miR-155 

production in response to inflammatory stimuli. The kinase Akt-1, which is upregulated in 

response to LPS, attenuates miR-155 production, and Akt knockout enhances LPS 

responsiveness in murine macrophages
102

. The anti-inflamamtory cytokine IL-10, itself produced 

in response to LPS, prevents LPS-induced miR-155 production via the transcription factor 

STAT3, either by inhibiting pri-miRNA transcription or by post-transcriptional effects involving 

precursor destabilization and inibition of maturation 
121,189

. A negative feedback effect of IL-10 

was not obvious in the current dataset, as miR-155 expression was positively correlated with IL-

10 concentration, but this was likely to have been confounded by the fact that both are induced 



65 

 

by a common stimulus. Direct stimulation of equine cells with IL-10 would be necessary to 

confirm this relationship. 

 

Induction of miR-146a is thought to be primarily via NFκB 
73,105

, and this is consistent with our 

findings of multiple conserved NFκB binding sites in the promoter region. Induction could not 

however be demonstrated in this equine model, despite other evidence of activation of the NFκB 

pathway. This could be largely due to limitations of the model such as mixed cell line effects as 

discussed above. Species differences in regulation are however possible, as although the genes 

and surrounding promoter regions retain close homology between humans and horses, they are 

not identical, and so it is possible that key regulatory elements are absent in the horse, or that 

additional inhibitory elements are present. It is also conceivable that the threshold for stimulation 

of miR-146a by LPS is higher than that for miR-155. miR-146b is thought to be induced 

primarily by IL-10 rather than directly by NFκB 
105

. In this equine model, a positive correlation 

between IL-10 concentration and miR-146b expression on PCR was present (see Figure 14), but 

this correlation was relatively weak. On the NGS expression analysis, miR-146b expression rose 

before any change in IL-10 concentration was seen, and no induction of miR-146b was seen on 

the PCR data associated with the LPS-induced IL-10 increase at 8 hours. It is possible that IL-

10-mediated induction of miR-146b would only be evident after a longer period of stimulation, 

but no conclusions about the association can be drawn on the basis of these data.  

 

A number of miRNAs clustered together with miR-155 on the hierarchical clustering analysis 

(Figure 11), including miRNAs such as miR-146a, miR-146b and miR-132 that had significant 

increases in expression with time, along with miR-222 and miR-107a. Interestingly, the majority 

of these miRNAs have associations with LPS and toll-like receptor signaling in other species. 

Clustering on this analysis is suggestive of co-regulation 
173

. This is expected for miR-212 and 

miR-132, which are clustered together as part of a single polycistronic unit, as well as for miR-

146b-3p and miR-146b-5p, which are cleaved from opposite arms of a single pre-miRNA. The 

strong correlations between miR-155, miR-146a and miR-146b expression as measured by qRT-

PCR similarly supports some degree of co-regulation. This could be related to LPS, stimulation 

of TLRs by other ligands, or to some other as yet unidentified stimulus. This close relationship 
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suggests that, while our data provide no evidence of direct LPS induction, these miRNAs should 

be considered for further study into their potential roles in innate immunity. 

 

 

 

 

Functional significance of miRNA expression changes 

Bioinformatic predictions indicated a number of possible targets for miR-155 in the toll-like 

receptor signaling cascade, as well as other aspects of the innate and adaptive immune system. 

The number of targets predicted using these methods was low compared to the number of 

known targets in other species. For example, the current release of miRTarBase lists 925 

experimentally validated targets for hsa-miR-155, with evidence of varying strength. This is 

substantially greater than the target set predicted for horses using TargetScan, and conversely 

many of the equine predicted targets have no experimental support in humans. Rather than 

indicating a species difference, this most likely reflects the limitations of this type of in silico 

prediction procedure, as most algorithms focus on a small number of facets of the complex 

miRNA-mRNA interaction, and it is not always clear what cutoff values to use to select only 

physiologically significant interactions. GO analysis provided evidence of statistical over-

representation of innate immune pathways among predicted targets of miR-146a/b, but not for 

targets of miR-155. Enriched pathways predicted in relation to the equine reference gene set are 

likely to be spurious in many cases, due to the poor annotation of that set compared to other 

species. For example, only 3 genes in the equine reference set are attributed to the MyD88-

independent TLR pathway, while predicted miR-155 targets included 6 such genes (all human 

orthologs of known equine genes), rendering the analysis meaningless. In comparison, the 

human reference gene set contains 81 genes attributed to this pathway. Conversely, due to the 

statistical difficulties of the large number of non-independent pathways, the Bonferroni 

correction may be overly conservative and genuinely over-represented pathways may be missed. 

Thus while GO analysis can provide a useful overview of gene function, this type of enrichment 

analysis is of limited use in the horse with the current depth of database annotation. 
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The 12 equine target genes with the highest confidence and conservation scores (Table 4) did 

not include any candidates with prominent roles in innate immunity, although they did include 

keratinocyte growth factor (FGF7). This protein is important in keratinocyte growth and 

development, especially in response to epithelial injury 
191

, and could be worthy of investigation 

in laminitis. Targets of miR-155 that are likely to be of importance in the regulation TLR 

signaling and the innate immune response include TAB2, SOCS1, TRAF3, mitogen-activated 

protein kinase kinase kinase 14 (MAP3K14) and IKBKE (also known as NFκB-inducing 

kinase).  

SOCS1 is one of the best studied targets of miR-155. This was predicted as a target in the horse 

by TargetScan, but not by the alternative algorithm RNA22. This latter algorithm however also 

failed to find a miR-155 binding site in the human and murine genes, in which there is adequate 

evidence of targeting in the 3’UTR. SOCS1 can be induced by LPS and by a number of 

cytokines including IL-2 and IFNγ. Its predominant anti-inflammatory effect arises from 

inhibition of the JAK/STAT signaling pathway which is utilized by a number of cytokine 

receptors, notably IFNγ, although direct effects on TLR signaling have also been proposed. This 

can limit deleterious consequences of IFNγ activity, and also has roles in T-lymphocyte function 

192
. By suppressing the LPS-induced production of SOCS1 (an inherent negative feedback 

system), upregulation of miR-155 would be expected to have pro-inflammatory effects in 

endotoxemia, increasing the effects of inflammatory cytokines. There is strong evidence that 

miR-155-mediated suppression of SOCS1 has real biological significance in infection and 

autoimmunity, in a context-specific manner 
193

. SOCS1 has been implicated in the reduction in 

LPS-induced liver injury and reduced TNFα production observed with a miR-155 inhibitor in a 

mouse model 
194

. The increase in TNFα in this context could also be related to an effect of miR-

155 on TNFα mRNA stability, but this has only been reported in a single study, and TNFα is not 

generally considered to be a direct target of miR-155 
116

. In some contexts however the effect of 

miR-155 on SOCS1 may in fact be protective: miR-155 knockout renders mice more susceptible 

to infection with Mycobacterium tuberculosis 
120

. It is also of potential interest that miR-155 is 

downregulated in bovine papillomavirus-transformed equine fibroblasts, a model for equine-

specific fibroblastic skin tumors known as ‘sarcoids’ 
161

. An inadequate cell-mediated immune 

response is a likely component of the pathogenesis of these tumors, and they often respond to 

immune stimulants such as imiquimod (a TLR7/8 ligand) and the Bacillus Calmette-Guérin 
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(BCG) mycobacterial vaccine. Downregulation of miR-155 associated with papillomavirus 

infection could contribute to this inadequate immune response. 

 

Targeting of other genes by miR-155 is predicted to have anti-inflammatory effects. TAB2 is a 

key signal transduction protein in the MyD88-dependent TLR and IL-1 pathway, which can 

activate both the NFκB pathway and the MAPK pathway. Suppression of this protein is therefore 

expected to reduce the inflammatory response to LPS and IL-1 
103,180,195

. TRAF3 and MAP3K14 

are elements of the non-canonical NFκB induction pathway, that occurs via activation of some 

members of the TNF receptor superfamily, including CD40 and the lymphotoxin ß receptor. The 

significance of this pathway is not fully understood, but it has been implicated in the 

pathophysiology of some infections and neoplasms 
196

. Based on predicted targeting, miR-155 is 

expected to downregulate NFκB production via this pathway, but this is likely to be of lesser 

importance in the response to LPS. Actions of IKBKE include activation of the transcription 

factor IRF-3 (leading to transcription of type I interferons and other anti-inflammatory proteins) 

and activation of NFκB activity by promoting degradation of its inhibitors. Suppression of this 

protein by miR-155 would therefore be expected to have anti-inflammatory effects.  

 

Predictions in the horse and experimental evidence in humans and mice also indicate targeting 

of a number of proteins in the PI3 kinase (PI3K) / AKT signaling pathway, including PI3K 

regulatory subunit alpha, AKT1 and GSK3. This pathway can be activated by toll-like receptors, 

interleukin receptors, T-cell receptors and insulin receptors, among others. PI3 kinase activates 

the kinase AKT, which inactivates GSK3 by phosphorylation. GSK3, which is constitutively 

active, augments the production of pro-inflammatory cytokines such as TNFα, IL-1ß, IL-6 and 

IL-12, while suppressing anti-inflammatory cytokines such as IL-10, and promotes a Th1 type T-

cell mediated immune response 
197

. miR-155 mediated suppression of GSK3 would therefore be 

expected to reduce the LPS-mediated inflammatory response and promote a Th2-type immune 

response, but targeting of AKT1 and PI3K would be expected to have the opposite effect. As 

AKT1 also suppresses miR-155 production, suppression of AKT1 by miR-155 would form a 

positive feedback loop, enhancing its own expression. The predominant effect on this pathway 

of the LPS-induced upregulation of miR-155 in the horse is therefore difficult to predict, and 

will depend on the relative efficiency of repression of each target.  
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In summary, the upregulation of miR-155 by LPS is likely to produce both pro-inflammatory 

and anti-inflammatory effects, in a context-specific manner. The predominant effect however 

seems to be pro-inflammatory. Associations between miR-155 and cytokines such as TNFα and 

IFNγ in our data do not necessarily indicate a causal relationship, as they will also reflect 

common factors involved in induction. Manipulation using miRNA mimics or inhibitors will be 

necessary to confirm the effects of this miRNA on inflammatory responses in the horse. 

Proposed relationships between miR-155, its targets, cytokines and transcription factors in 

inflammatory signaling pathways are shown in Figure 17. 

 

 
Figure 17. Interactions between miR-155, its targets, cytokines and transcription factors in innate immune 

pathways. Pathways have been simplified. Targets shown here (indicated by red arrows) are predicted in the horse 

and have supportive experimental evidence in other species. 
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It is not clear if the lack of miR-146a and miR-146b induction in this model represented a true 

species difference, or whether this was a true reflection of expression patterns within individual 

cell subsets. A complete lack of miR-146a/b induction in response to LPS could have profound 

consequences on the ensuing inflammatory response, as a key anti-inflammatory feedback 

system would be lost. Signal transduction proteins in the TLR4 cascade were prominent among 

target predictions for miR-146a/b in the horse, consistent with experimental findings in other 

species. This miRNA targets IRAK1 (and also IRAK2, involved in IL-1-mediated NFκB 

induction), TRAF6, MAP3K7 and TLR4 itself. miR-146b has a very similar range of targets, 

although the 2-nucleotide difference in mature sequences will have some effects on specificity 

and efficiency of targeting. Different pathways regulate expression of the two miRNAs, leading 

to some divergence of function between the two 
105

. The primary effect of targeting the above 

proteins will be to reduce the sensitivity of the TLR4 pathway (and related pathways such as the 

IL-1 signaling pathway) to further LPS challenge, leading to reduced production of cytokines 

such as TNFα and IL-6.  

 

TLR2 and NFκB have also been identified as a targets in humans but were not predicted as 

equine targets by the algorithms used in this study. Similarly, STAT1, a transcription factor 

involved in the response to cytokines such as IFNγ, is a validated target in humans and 

contained more than one putative binding site in the equine mRNA on RNA22 analysis, but 

these predictions were not statistically significant. Given the limitations of bioinformatic target 

prediction, the possibility that they may be legitimate targets in the horse should not be 

excluded. 

 

Additional predicted targets of miR-146a/b include genes involved in apoptosis signaling such 

as FAS-associated factor 1 (FAF1), genes involved with chemokine signaling and the non-

canonical NFκB pathway (CARD10, CXCL12 and CXCR4), and the lymphocyte co-stimulatory 

molecule CD80. CD80 is expressed on the surface of B cells and M1 macrophages (the classical 

pro-inflammatory phenotype), and provides co-stimulation necessary for T-cell activation, a 

process that is essential for the response to intracellular pathogens 
198

. miR-146a has been shown 

to reduce expression of this protein in macrophages 
199

, and has been implicated in CD80 
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dysregulation in autoimmune disease of the salivary glands in humans 
200

. Caspase recruitment 

domain 10 (CARD10) interacts with G-protein linked cell surface receptors to initiate NFκB 

production via the non-canonical pathway, and suppression of this protein by miR-146a has 

been implicated in gastric cancer 
201

. The chemokine CXCL12 is induced in part by non-

canonical NFκB signaling, and mediates chemoattraction in lymphocytes and monocytes (but 

not neutrophils) via interaction with its receptor CXCR4. Direct targeting of CXCL12 by miR-

146a has been confirmed in mesenchymal stem cells, and may affect stem cell migration 
202

. 

These targets are likely to be less important in endotoxemia, but could influence communication 

between different immune pathways.  

 

A lack of miR-146a expression in response to LPS could conceptually contribute to the horse’s 

exquisite sensitivity to endotoxin. miR-146a is thought to be at least partly responsible for the 

phenomenon of endotoxin tolerance, whereby prior exposure to LPS attenuates the response to 

further challenge. Transfection of monocytes with miR-146a mimics endotoxin tolerance, while 

transfection with a miR-146a inhibitor largely abolishes the effect 
130

. Endotoxin tolerance has 

been observed in horses both in vitro 
134

 and in vivo 
12

. The underlying mechanisms have not yet 

been examined in detail in this species, but data in other species suggest that the role of miR-

146a in LPS responses in the horse is worthy of further investigation, despite lack of strong 

evidence of involvement in our model. 
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Figure 18. Interactions between miR-146a/b, their targets, cytokines and transcription factors in innate immune 

pathways. Pathways have been simplified. Targets shown here (indicated by red arrows are predicted in the horse 

and also have supportive experimental evidence in other species.  

 

 

Potential clinical and practical significance in equine endotoxemia 

These miRNAs appear to have partially opposing effects in the response to LPS, with miR-155 

acting to predominantly to increase the inflammatory response, while miR-146a will desensitize 

inflammatory cells to further challenge. The significant upregulation of miR-155 without 

induction of miR-146a or miR-146b in this model suggests that miR-155-mediated pro-

inflammatory effects are likely to predominate in equine endotoxemia. This could be protective 

or deleterious in different contexts. In clinical endotoxemia in horses, it is the resultant systemic 

inflammatory response rather than the presence of LPS per se which causes much of the 
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morbidity and mortality. This is especially the case in endotoxemia related to gastrointestinal 

disease, in which circulating LPS is not necessarily accompanied by Gram negative bacteremia. 

In such cases, miR-155 could exacerbate the clinical syndrome, while miR-146a-mediated 

endotoxin tolerance would be expected to provide some amelioration. Despite a lack of 

documented LPS-induced change in miR-146a expression, these predicted effects could make it 

an attractive target for therapeutic modulation of the innate immune response to endotoxin. 

Excessive or poorly timed deactivation of the immune system could however adversely affect 

outcome, and this has been documented in human critically ill patients with Compensatory Anti-

inflammatory Response Syndrome (CARS). High circulating concentrations of the 

inflammatory cytokine IL-10 and an increased IL-10:TNFα ratio have been associated with 

increased mortality in various clinical populations including pediatric ICU patients, adults with 

mixed sepsis and a mixed population of patients presenting with fever 
203

. miR-146a could be 

part of this syndrome. This miRNA could also increase susceptibility to viral infections. 

Infection with Hendra virus, a paramyxovirus which causes severe respiratory and neurologic 

disease in horses and can lead to fatal zoonotic infection, upregulates miR-146a expression. 

Transfection with a miR-146a inhibitor reduces virus replication in vitro 
164

. Thus while 

mimicking miR-146a activity could be a useful therapeutic strategy to limit the inflammatory 

response, caution should be exercised with regard to the potential adverse effects in potentiating 

infection. 

 

miR-155 has been suggested to be an important mediator of the anti-inflammatory effects of 

glucocorticoids, as ectopic expression reverses the effect of dexamethasone on the inflammatory 

response to LPS in macrophages. Conversely, inhibition of miR-155 expression mimics the 

effects of dexamethasone on the LPS response with respect to TNFα, IL-6 and nitric oxide 
118

. 

Glucocorticoids are widely used anti-inflammatory medications in horses, especially for allergic 

and immune-mediated conditions. Their use has also been proposed for sepsis and endotoxemia 

52
, but they have not gained popularity in this clinical context. This is largely due to fears of side 

effects. Glucocorticoids act on a wide range of pathways besides the NFκB pathway, and can 

cause metabolic derangements such as hyperglycemia and lipolysis, as well as possible 

immunosuppression. Corticosteroids have also been associated with laminitis in horses 
204

, 

although the nature of this association is the subject of much debate, and the potential 
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pathophysiology is not completely understood. This makes more specific anti-inflammatory 

treatments an attractive option, to mimic the anti-inflammatory effects of corticosteroids without 

inducing the same metabolic derangements. Based on results of in vitro models, targeting miR-

155 could be a promising line of enquiry in this respect.  

 

MicroRNAs have been suggested as possible biomarkers of sepsis 
114

. While plasma miRNA 

levels do not necessarily mirror cellular levels, our data do not indicate that the expression 

changes observed are likely to have utility as biomarkers in a clinical context. There was wide 

inter-individual variation in both basal expression and expression changes of miR-155, with 

considerable overlap between LPS-stimulated and control cells, so analysis of a single sample of 

PBMCs would have no discriminatory power. This inter-individual variation in the response to 

LPS was not unique to miRNA expression, and has been observed in other studies of the equine 

innate immune response 
23,205,206

. Werners et al. found that this difference in individual response 

could not be explained by polymorphisms in the TLR4 gene. There was a tendency for horses in 

the present study with lower ex vivo cytokine production to also have lower expression of miR-

155, miR-146a and miR-146b, which could reflect an overall hypo-responsiveness of the TLR 

receptor signaling pathways. In an experimental context, however, miR-155 could still have 

some use as a marker of TLR activation, through analysis of paired samples within an 

individual. Further work will be required to establish the specificity of the response to this 

aspect of the innate immune system, and the time course of expression patterns beyond 8 hours. 

 

 

The equine miRNA response to LPS as a model for human disease 

Horses and humans are both exquisitely sensitive to the effects of LPS. The maximum tolerated 

intravenous infusion dose in human volunteers is thought to be around 4 ng/kg, causing severe 

elevations in serum TNFα, and the lethal dose is estimated to be 1 - 2µg 
207

. The LD50 (dose 

causing 50% mortality) in mice, in contrast, has been reported to be between 1.6 and 25.6 mg/kg 

depending on age, although LPS from different bacterial sources will have different toxicity 
208

. 

In horses, intravenous infusion of 20 ng/kg induces a transient systemic inflammatory response, 

and 3µg/kg is considered sub-lethal 
5,24

. A study on dose-response to high doses of endotoxin in 

ponies found 100% mortality with intravenous doses of 175-200 µg/kg (compared to 5/6 
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surviving with a dose of 50 µg/kg, and 3/5 horses died with a series of four intraperitoneal doses 

of 100 µg/kg each. The preparations of LPS used had LD50s in mice ranging from 12.5 – 19.2 

mg/kg. While it is difficult to compare results of different studies directly due to differences in 

experimental methodology and endotoxin potency, it is clear that humans and mice are at 

opposite extremes of the spectrum in terms of LPS sensitivity, while horses have intermediate 

sensitivity.  

 

Mice are commonly used as a model for the study of innate immune responses. This is largely 

due to practical considerations, including size, cost, rapid breeding cycle, availability of 

appropriate immunologic reagents (e.g. monoclonal antibodies), and ease of genetic 

manipulation (i.e. ‘knockout’ mice). The difference in LPS sensitivity suggests however that this 

species may not be the most appropriate for the study of endotoxin responses and Gram negative 

sepsis, and extrapolation to human disease may be problematic. The high LPS sensitivity in the 

horse compared to other domestic and laboratory species makes equine endotoxemia attractive 

as a potential model for human Gram negative sepsis. Although some aspects of the disease 

phenotype are different (for example the prominence of laminitis in horses), other facets of the 

disease such as cardiopulmonary shock and acute lung injury are similar 
209

. 

 

The finding of this study that miR-155 is the principal LPS-induced miRNA in horses, as in 

other species, lends some support to the use of an equine model to study this aspect of the 

response to endotoxin. Moreover, the chromosomal regions including promoter regions adjacent 

to the equine miRNA genes examined here have a much closer sequence identity to humans than 

do the mouse equivalents. As these regions contain regulatory elements such as promoter and 

enhancer regions, this suggests that the regulation of expression of these miRNAs could be more 

similar between humans and horses than between humans and mice. This could have some 

bearing on the shared endotoxin sensitivity between the two species. Some differences in 

expression patterns between the species however indicate the need for caution in extrapolating 

from horses to humans. Lack of upregulation of miR-146a and miR-146b could represent a 

major weakness of an equine model such as this, although this is potentially consistent with 

some human models using patient-sourced cells 
108

 as opposed to immortalized cell lines. The 

lack of basal expression of miR-125b could also be a functionally significant difference, as 
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changes in this miRNA with LPS have been observed in both human and murine macrophages. 

The reason for the difference in horses was not obvious, given the overall high genetic 

homology in the region of the relevant miRNA genes.  

Development of an equine model would have both advantages and challenges from a practical 

standpoint. Collection of samples such as blood or pulmonary fluids in vivo is generally easier in 

the horse, and larger samples can be collected. Clinical material is also readily available from 

naturally occurring cases. The availability of species specific reagents for the horse is still 

limited, but this is less relevant for miRNA studies where available genomic information 

(coupled with sequencing information as produced in this study) can be used to design primers 

and probes as needed. High costs and practical considerations with regard to housing and 

handling facilities will limit the availability of equine tissues to some researchers, but 

opportunities for collaboration with equine research centers in the USA and other countries can 

remedy this problem. Thus while an equine model may never replace the mouse, it offers a 

unique tool for exploration of naturally occurring disease  
210

. 

 

Conclusions 

This study represents the first investigation into the involvement of miRNAs in equine innate 

immunity. Consistent with the primary hypothesis, differential miRNA expression was 

demonstrated in equine PBMCs, although the expression changes were more limited than 

anticipated. A prominent role of the major inflammatory miRNA miR-155 was demonstrated in 

the response to LPS, and in silico functional analysis suggested that this is likely to have a 

similar function in the horse as in other species. Both this miRNA and other miRNAs without 

clear LPS-induced expression changes, such as miR-146a, are likely to influence the phenotype 

and magnitude of the systemic inflammatory response in equine endotoxemia. They could thus 

provide potential therapeutic targets for modulation of local or systemic inflammation. This 

study furthermore validates previous in silico predictions of miRNAs in the equine genome, and 

provides invaluable information on expression in equine immune cells necessary for the rational 

design of future studies. 

 

Further work will be necessary to characterize the roles of these miRNAs more precisely in the 

innate immune response. Studies in specific equine inflammatory cell populations (such as 



77 

 

CD4+, CD8+ and CD14+ cells isolated by fluorescence-activated cell sorting) are needed to 

elucidate the contributions of each cell type to the total pool, and to characterize differing 

expression changes induced by LPS or other stimuli between cell types. Bioinformatic target 

predictions are not always reliable, and so true functional significance will need to be 

determined by transfection studies, using miRNA mimics and inhibitors. Ultimately, the goal 

will be to establish roles in naturally occurring disease, such as SIRS associated with 

gastrointestinal disease, neonatal sepsis, local septic or inflammatory processes (such as septic 

arthritis), and states of chronic low-grade immune dysfunction such as obesity. In a clinical 

context, whole blood or plasma miRNA levels (corrected to an appropriate endogenous control) 

are often more useful for diagnostic purposes, but the cellular expression changes are potentially 

more physiologically significant and more likely to yield potential therapeutic targets. The 

expression patterns documented by this in vitro model provide a starting point for such research. 
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Appendix A: Supplementary Data 

 

Supplementary item 1: Full details of the miRNA transcriptome in equine PBMCs. Full 

details of the detected miRNAs, their sequences and loci on the equine genome are given. 

Expression data is provided as normalized counts.  

 -  Supplementary data file  ‘Supplementary data 1 – miRNA annotation and expression.xlsx’ 

 

 

Supplementary item 2: Full list of TargetScan target predictions for miR-155. All predicted 

targets with a context+ score <-0.1 are given, together with their context+ scores and 

probability of conserved targeting (Aggregate PCT). 

 - Supplementary data file  ‘Supplementary data 2 – miR-155 TargetScan predictions.xlsx’ 
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Appendix B. Detailed laboratory protocols. 

 

1. Horse selection and blood sampling. 

8 horses were used in total, 4 for the initial next generation sequencing experiment and an 

additional 4 for the subsequent qRT-PCR stage. The horses were all geldings. The initial 4 

horses consisted of 2 Warmbloods, 1 Thoroughbred and 1 Thoroughbred cross, aged 11 – 12 

years. The 4 additional horses consisted of 2 Warmbloods, 1 Thoroughbred and 1 Tennessee 

Walking Horse. The horses had no history of recent illness, no history of vaccinations within the 

preceding week, and were not receiving any medication. All horses were examined and blood 

sampled on their home premises, and returned to their normal management immediately 

afterwards. Animal procedures were conducted with IACUC approval, in accordance with 

protocol number 14-244. 

 

Examination and sampling procedure 

1. A full physical examination was conducted on each horse, including temperature, pulse, 

respiratory rate, mucous membrane assessment, cardiopulmonary and gastrointestinal 

auscultation, body condition scoring and weight estimation using a weight tape. Blood 

sampling was only performed if the horse was clinically normal. 

2. A patch of skin over one jugular vein was aseptically prepared using chlorhexidine scrub and 

alcohol, but without clipping the hair. 

3. Approximately 96ml of blood was collected into acid-citrate-dextrose Vacutainers, and 4ml 

into an EDTA Vacutainer, using a 21g 1-inch needle. Pressure was applied to the vein for 

approximately 30 seconds afterwards, and the vein was examined to ensure no hematoma 

was forming. 

4. The blood samples were kept cool and processing initiated within 2 hours of collection.  

5. Blood smears were made from the EDTA-anticoagulated sample and stained with Dif-Quik 

and Wright’s stain. A manual differential white cell count was performed on 300 cells.  

6. The remainder of the EDTA sample was submitted to the VTH central laboratory for an 

automated hemogram, including total red cell, white cell and platelet counts. 

7. The ACD-anticoagulated samples were used for peripheral blood mononuclear cell (PBMC) 

isolation. 
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2. Peripheral blood mononuclear cell isolation by gradient density centrifugation using 

Percoll® 

 

Stock Solutions 

 

All solutions and materials were sterile and endotoxin-free. 

 

10X Calcium-free modified Hanks Buffered Salt Solution (10X CFMH) 

1. 1 x 9.7g vial of calcium/magnesium-free Hanks Buffered Salts (Sigma) was added to a 

100ml volumetric flask. 

2. QS to 100ml. 

3. Filtered through a 0.22µm filter. 

4. Stored at 4ºC. 

 

Calcium-free modified Hanks Buffered Salt Solution (1X CFMH) 

1. 1 x 9.7g vial of calcium/magnesium-free Hanks Buffered Salts (Sigma) was added to a 1 liter 

volumetric flask. 

2. Added 0.35g NaHCO3. 

3. QS to 1 liter. 

4. Filtered through a 0.22µm filter. 

5. Stored at 4ºC. 

 

Iso-osmotic Percoll 

The Percoll stock was adjusted to the same osmolality as 1X CFMH, to reduce the risk of 

osmotic shock to the cells during the isolation procedure. The final osmolality was calculated to 

be approximately 280 mOsm/kg. 

 

1. Percoll® (Sigma) stock solution was mixed well before use. 

2. The required volume of Percoll was measured out into appropriate flasks. 

3. For each 100ml of Percoll, 9.07ml 10X CFMH was added (scaled up or down as needed). 

4. The resulting solution was mixed well. 
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59% Percoll 

Each gradient required 5ml of the 59% Percoll solution.  

 

1. The iso-osmotic Percoll stock was mixed well before use. 

2. To make 10ml total, 4.1ml 1X CFMH was added to 5.9ml iso-osmotic Percoll and mixed 

well. 

3. The refractive index was checked. This target was approximately 1.033 (density 124). Higher 

densities would have increased the proportion of neutrophils in the harvested cell population, 

while lower densities would have given a higher proportion of monocytes but lower cell 

yields. 

4. The density was adjusted as necessary using small volumes of iso-osmotic Percoll or 1X 

CFMH, to achieve the target density. 

5. The stock 59% solution was kept refrigerated until use. 

 

 

 

Gradient preparation 

 

1. The Percoll solution was allowed to warm to room temperature before use. 

2. For each gradient, 5ml 59% Percoll was carefully pipetted into a 15ml conical tube, taking 

care not to drip on the sides of the tube or leave air bubbles. 

3. Blood samples were centrifuged for 8 minutes at 500g, at 20ºC (Jouan GR4.11 centrifuge). 

4. A small sample of plasma from each horse was saved for use in cytological preparations 

(Cytospin). 

5. The buffy coat from each sample was carefully removed by pipette and transferred to a fresh 

conical tube containing approximately 2ml 1X CFMH.  

6. Once all the buffy coats had been harvested, further 1X CFMH was added as needed to give 

a final dilution of 50% buffy coat : 50% CFMH. 

7. Up to 5ml of the buffy coat/CFMH mixture was carefully pipetted onto each gradient, taking 

care not to mix the buffy coat with the Percoll or drip on the sides. To start, a layer of 
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bubbles from the buffy coat mixture was pipetted onto the gradient to create a ‘cushion’ on 

top of the Percoll, helping to avoid mixing. 

 

Peripheral blood mononuclear cell isolation 

1. The centrifuge was balanced accurately prior to centrifugation, to avoid small imbalances 

disturbing the gradients. 

2. The gradients were centrifuged for 40 minutes at 930g (2200rpm on Jouan GR4.11), at 22ºC, 

with slow acceleration and no braking. 

3. The gradients subsequently formed 5 layers (from top to bottom): an upper plasma layer, a 

mononuclear cell layer between the plasma and the Percoll, a Percoll layer, a lower leukocyte 

layer (predominantly neutrophils), and an erythrocyte layer. 

4. The mononuclear cell layer was carefully pipetted off and transferred to a new 50ml tube.  

5. The cells were washed twice as follows: 30ml sterile Dulbecco’s phosphate buffered saline 

solution (DPBS) was added, and the suspension was mixed by vortexing; the mixture were 

centrifuged for 8 minutes at 500g to pellet the cells; the supernatant was aspirated, taking 

care to avoid disturbing the cell pellet. 

6. The cell pellets were resuspended in endotoxin-free culture medium (see next section). The 

volume used to resuspend depended on the anticipated cell yield (1 – 30ml, to give a 

concentration of approximately 5-10 x 10
6
/ml). 

 

 

Peripheral blood mononuclear cell counting and assessment 

 

Cell counting and viability assessment 

Counting and viability assessment was performed using 0.2% Trypan blue solution. 

1. 5µl of cell suspension was added to either 45µl (if <2 x 10
6
 cells/ml anticipated), 95µl (for 2-

5 x 10
6
/ml) or 195µl (for >5 x 10

6
/ml) 0.2% Trypan blue and mixed well. 

2. 10µl of the mixture was pipetted onto each side of a hemocytometer. 

3. Viability was confirmed by Trypan blue exclusion, i.e. blue-staining cells were considered 

non-viable. 
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4. The viable cells were counted in a total of 4 large squares (each containing 16 smaller 

squares) on the hemocytometer, 2 from each side. 

5. The total from 4 squares was multiplied by the appropriate conversion factor to give the cell 

concentration: 

 For a 5:45 dilution, multiplied by 2.5 x 10
4
. 

 For a 5:95 dilution, multiplied by 5 x 10
4
. 

 For a 5:195 dilution, multiplied by 10
5
. 

6. The number of non-viable cells in a total of 100 cells was counted to give an estimate of 

viability. 

 

Cytologic evaluation 

1. An aliquot of cells was diluted to approximately 2 x 10
6
 / ml in culture medium, based on the 

hemocytometer count. 

2. ‘Cytospin™’ (Thermo Scientific) slides and funnels were mounted in the appropriate 

cassettes. 

3. 50µl of the diluted cell suspension was pipetted into the funnel, followed by 150µl DPBS, 

and 25µl of the horse’s own plasma. 

4. The cassettes were centrifuged in a Cytospin™ centrifuge for 5 minutes at 700 rpm 

(approximately 100g). 

5. The slides were allowed to air-dry, and stained with Wright’s stain on an automated slide 

stainer. 

6. A manual 600-cell differential count was obtained (300 cells on each of 2 slides), ensuring 

that all areas of the slide were examined to allow for regional variations in cell type 

distribution. 
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3. Peripheral blood mononuclear cell culture and stimulation 

 

Media and reagents 

 

RPMI Complete Medium 

500ml RPMI 1640 + HEPES buffer (Gibco) 

10ml Penicillin (10,000 iu/ml) + Streptomycin (10mg/ml) (Gibco) 

10ml L-glutamine 200mM in NaCl (Gibco) 

5ml Sodium pyruvate 100mM (Sigma) 

50ml Fetal calf serum, heat inactivated, certified low endotoxin (≤5 EU/ml) (Gibco) 

 

The above constituents were mixed in a flask, filtered through a 0.2µm bacterial filter and stored 

at 4°C. 

 

Lipopolysaccharide 

E. coli 0111:B4 LPS, γ-irradiated, BioXtra (Sigma). This is a product with moderate to high 

purity, containing less than 1% protein. 

1mg of lyophilized powder was reconstituted in 1ml of culture medium, and then diluted 1:9 in 

further culture medium for storage as 100 µg/ml aliquots, at -20°C. Aliquots were further diluted 

to 1 µg/ml (1 ng/µl) before use. 

 

Culture 

1. PBMCs were diluted in the above culture medium to 2.3 x 10
6 

cells / ml, based on 

hemocytometer counts. The cell concentration in the diluted stock was recounted in the 

hemocytometer to check accuracy, and the dilution adjusted if necessary. The concentration 
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of 2.3 x 10
6 

cells / ml was used after trial samples with 2 x 10
6 

cells / ml were found to have 

insufficient RNA yield for sequencing. 

2. For each horse, 6 x 1ml aliquots were processed immediately to give baseline ‘time 0’ data. 

a. Aliquots were transferred to 2ml microcentrifuge tubes 

b. The aliquots were centrifuged at 2000 rpm (420g) for 3 minutes in an Eppendorf 

5417R centrifuge to pellet the cells. 

c. The supernatants were carefully removed and stored at -70°C for later cytokine 

analysis. 

d. Cell pellets were lysed in Qiazol® Lysis Reagent (350 µl for each aliquot), left to 

stand on ice for 5 minutes, homogenized by vortexing for 1-2 minutes, snap-frozen in 

liquid nitrogen and stored at -70°C. Pairs of aliquots were pooled for storage. 

3. For each horse, 60 x 1ml (2.3 x 10
6 

cell) aliquots were transferred to ultra-low adherence 24-

well polystyrene plates (Costar®; Corning). 

a. 6 aliquots were used for each set of conditions (LPS or control, 2, 4, 8, 12 and 24 

hours). Each 24-well plate contained LPS and control samples for one time point for 

2 horses. 

b. For LPS-treated samples, 10 µl of a 1 ng/µl LPS solution was pipetted onto the wells 

prior to addition of the cell suspension. For control samples, the same volume of 

culture medium was added. 1ml of the cell suspension was added, and the plate was 

tapped gently to mix. 

4. The plates were incubated at 37°C in 5% CO2 for the required time period. 

5. At each time point, the appropriate plate was removed from the incubator for harvest of cells 

and supernatants. 

a. For a subset of plates, a 5µl aliquot of the cell suspension was removed and placed in 

Trypan blue for assessment of cell viability, as described above. 

b. The plates were centrifuged at approximately 400g for 3 minutes in a Jouan GR422 

centrifuge to pellet the cells on the bottom of the wells. The plates were immediately 

placed on ice packs. 

c. The supernatants were carefully removed, centrifuged at 2000rpm (420g) for 3 

minutes to reduce contamination by cells, transferred to fresh collection tubes and 

frozen at -70ºC for later analysis. 
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d. The cells were immediately lysed on the plate by adding 350µl Qiazol® Lysis 

Reagent to each well, and incubating (on ice) for 10 minutes. The lysate was then 

removed from each well, scraping the floor of the well to ensure efficient cell 

removal and disruption, and 2 x 350µl aliquots were combined to a single 1.5ml 

RNAse-free tube for storage. The aliquots were vortexed for 1 minute for further cell 

disruption and homogenization. 

e. Homogenized lysates were snap-frozen in liquid nitrogen, and stored at -70ºC. 

Note: For 2 horses, the 12 and 24-hour time points could not be obtained due to a power failure. 

4. RNA Extraction 

 

Total RNA was extracted using MiRNEasy spin columns (Qiagen). The protocol used was 

optimized for recovery of small as well as large RNA, but the RNA product was not enriched for 

small RNAs. The buffers were prepared according to the manufacturer’s instructions, and 

allowed to reach room temperature before use. All reagents and plasticware used for these 

procedures were certified RNAse-free. 

 

Extraction procedure 

1. Approximately 12 x 10
6 

cells per sample were used for RNA extractions (not taking into 

account inevitable losses during culture and cell harvest. 

2. Frozen PBMC lysates in Qiazol® Lysis Reagent (at -70ºC) were thawed rapidly in a water 

bath at 37ºC. 

3. The lysates were vortexed for 30 seconds. 

4. Further homogenization was performed with QIAshredder homogenizer spin columns: 

a. 700µl of lysate was pipetted onto the spin column, and centrifuged at full speed 

(20,200g, 14,000rpm in an Eppendorf 5417-R centrifuge) for 2 minutes at room 

temperature. The homogenized lysate was transferred to a fresh 2ml microcentrifuge 

tube. 

b. This was repeated with the remainder of the sample. 

5. 140µL of chloroform was added to each 700µl aliquot of the PBMC lysate. The tubes were 

shaken vigorously for 15 seconds, and allowed to incubate at room temperature for 2-3 

minutes. 
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6. Phase separation was then performed by centrifuging in a pre-chilled centrifuge (Eppendorf 

5417-R) at 4ºC, for 15 minutes at 12,000g (10,800rpm). 

7. The upper aqueous phase was carefully removed using a P100 pipette, taking care to avoid 

including any of the interphase, and transferred to a clean RNAse free 2ml tube. 

Approximately 350µl was obtained from each 700µl aliquot. The aqueous phases from all 

aliquots of each sample were combined. 

8. 1.5 volumes of 100% ethanol were added to the aqueous phase, and mixed by pipetting. 

9. 700µl of the resultant mixture was pipetted onto an RNEasy spin column, and centrifuged at 

9,000rpm (8,600g) for 15 seconds. The flow-through was discarded, and this was repeated 

with the remainder of each sample. 

10. 350µl of proprietary wash buffer RWT was pipetted onto each column, and the columns were 

centrifuged at 9,000rpm (8,600g) for 15 seconds. 

11. DNAse digest step to remove residual genomic DNA. Although not required for qRT-PCR, 

this step was necessary for preparation of samples for Next Generation Sequencing, and so 

was performed on all samples for consistency. 10µl of RNAse-free DNAse I stock (2.7 

Kunitz units per µl) was diluted in 70µl buffer ‘RDD’, and pipetted onto each column 

membrane. This was allowed to incubate for 15 minutes. 

12. The membrane was washed by pipetting 350µl buffer RWT onto the column and centrifuging 

for 15 seconds at 9,000 rpm (8,600g), discarding the flow-through. This was repeated twice 

with 500µl buffer RPE, centrifuging for 2 minutes after the last wash. 

13. The membrane was dried further by transferring the column to a fresh collection tube and 

centrifuging for 1 minute at 14,000rpm (20,800g). 

14. The RNA was eluted by adding 30µl of RNAse free water (the minimum volume 

recommended for this kit) and centrifuging at 10,000rpm (10,600g) for 1 minute.  

15. An aliquot of 2.5µl was used for quality control. The remainder of the RNA was stored at      

-70°C until further analysis. 

 

Quality control 

RNA concentration and purity were assessed using a Nandrop 1000 spectrophotometer (Thermo 

Scientific), using the Nucleic Acids / RNA-40 settings. RNAse-free water was used as a ‘blank’ 

to calibrate the spectrophotometer. Measurements of concentration (ng/µl), 260/280 ratio and 



101 

 

260/230 ratio were generated. The 260/280 ratio is an indicator of protein contamination. Ratios 

> 1.8 are generally considered adequate for RT-PCR and RNA-Seq. All samples had ratios >1.8 

(most >2.0), and so were considered suitable for further analysis. The 260/230 ratio is an 

indicator of contamination by residual organic solvents from the extraction procedure (e.g. 

phenol or ethanol). While ratios >1.8 are considered ideal, this usually has little adverse effect on 

downstream applications. The majority of samples had ratios >1.8, but a small number had lower 

ratios, with some <1.0. These samples were still retained for further analysis. There was no 

apparent difference in data quality between these samples and samples with higher 260/230 

ratios, and there was no obvious impact on results. 

 

Samples for Next Generation Sequencing were submitted to the Genomics Research Laboratory 

at the Virginia Biocomplexity Institute for further quality control, including repeat Nanodrop 

measurements, concentration measurements by fluorometric quantification (Qubit™, Thermo 

Fisher Scientific), and analysis of RNA integrity by electrophoresis (Agilent Tapestation). An 

RNA integrity number (RIN) was computed from the electrophoresis trace. An RIN > 8.0, 

representing minimal degradation, was considered acceptable for sequencing. All samples 

achieved this. 

 

Samples for Next Generation Sequencing were diluted to 220 ng/µl based on the fluorometric 

concentration measurements, or left at concentrations between 160 and 200 ng/µl if the 

extraction process did not achieve a concentration of 220 ng/µl (3 samples). For qRT-PCR, 

samples were diluted to 66 ng/µL based on Nanodrop results. 
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5. Cytokine Assays 

 

Interleukin-4, interleukin-10, interleukin-17, interferon-α and interferon-γ 

 

Supernatant samples from all 8 horses (LPS and control, times 0, 2, 4 and 8 hours; 1 sample per 

treatment) were submitted to Cornell Veterinary Diagnostic Laboratory for measurement of the 

above five cytokines using a multiplex fluorescent bead-based assay (Horse Cytokine 5-Plex 

Assay). As this assay was performed as a commercial service by an external laboratory, full 

protocols are not available. The analytical sensitivities (lower limits of detection) of the assay 

were as follows: 

 IL-4: 40 pg/ml 

 IL-10: 15 pg/ml 

 IL-17: 10 U/ml 

 IFN-α: 12 pg/ml 

 IFN-γ: 10 U/ml 

Readings below the threshold of detection were designated ‘0’ for further analysis.  

 

 

Tumor necrosis factor alpha (TNFα) 

 

The supernatant concentration of TNFα was measured in supernatants using a commercially 

available equine-specific antigen-capture sandwich ELISA (GSI Equine TNFα ELISA kit; 

Genorise Inc.). Measurements were made at all available time points (0, 2, 4 and 8 hours for all 8 

horses, 12 and 24 hours for 6 horses). 
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The lower detection limit of the assay was 31 pg/ml, with an upper detection limit of 2000 pg/ml. 

The intra-assay coefficient of variation (as reported by the manufacturer) was 6%, and the inter-

assay coefficient of variation was 8%. 

 

1. Phosphate buffered saline, wash buffer, sample diluent, reagent diluent, detection 

antibody and conjugate were stored and reconstituted / diluted according to the 

manufacturer’s specifications. 

2. A 7-point standard curve was constructed using serial 2-fold dilutions (vortexing for 20 

seconds at each dilution step) of a highly purified yeast-expressed recombinant equine 

TNFα standard, giving concentrations of 2000, 1000, 500, 250, 125, 62.5 and 31.25 

pg/ml. 

3. The supernatant samples were thawed and vortexed briefly prior to analysis. Samples 

from 8, 12 and 24 hours were diluted 1:1 in sample diluent to ensure they did not exceed 

the upper detection limit of the assay (as determined by a preliminary assay). 

4. 100 µl of undiluted sample or standard was added to each well of a 96-well plate, pre-

coated with anti-equine-TNFα antibody). All samples and standards were assayed in 

duplicate. 4 wells were left empty as a ‘plate blank’. The plate was incubated at room 

temperature for 1 hour. Note: samples for 12 and 24-hour time points (not used in this 

study) were diluted 1:1 and 1:3 respectively. 

5. The contents of the wells were aspirated, and the wells were washed 3 times with 300 µl 

wash buffer. Any remaining wash buffer was removed by aspiration and blotting against 

clean paper towels. 

6. 100 µl of a working dilution of biotinylated detection antibody (anti-equine-TNFα) was 

added to each well, and incubated at room temperature for 1 hour. 

7. Following another wash step as above, 100 µl of a working dilution of streptavidin-

enzyme conjugate was added to each well, and incubated at room temperature, out of 

direct light, for 20 minutes. 

8. Following a third wash step, 100 µl of substrate solution was added to each well, and 

incubated at room temperature (out of direct light) for 15 minutes. 
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9. The reaction was stopped by adding 50 µl of stop solution (strong acid) to each well, and 

tapping gently to mix. 

10. The plate was read in a SpectraMax M5 plate reader: 

a. The optical density at 450 nm was determined, after pre-mixing the plate.  

b. To correct for optical imperfections in the plate, the optical density at 540 nm was 

also measured, and subtracted from the 450 nm readings. 

c. A ‘plate blank’ was used (wells containing substrate and stop solution only) as a 

‘zero’ calibration reference. 

d. A standard curve was constructed, and a 4-parameter logistic curve-fit was 

created using the SpectraMax software. 

e. Concentrations in the sample wells were calculated by the analyzer software, by 

interpolation with reference to the standard curve. The mean of the duplicate 

readings was taken. Any readings below the low standard (< 31 pg/ml) were 

designated ‘0’. 

 

 

Interleukin-6 

 

Measurement of interleukin-6 in the culture supernatants was attempted using a commercially 

available antigen-capture sandwich ELISA kit specific to equine IL-6 (Nori® Equine IL-6 

ELISA Kit; Genorise Inc.). The procedure was performed as described above. No sample 

dilutions were used, and a 90-minute initial incubation period was used. 

 

The assay did not work with this sample set. The assay produced good optical density readings 

for the recombinant equine IL-6 standards, but failed to read above the detection limit in any 

sample. If the reconstituted standard was spiked into a sample, this also failed to produce a 

detectable color change, implying that an unknown factor in the culture supernatant was either 

binding the IL-6 or blocking antibody binding.  
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6. Next Generation Sequencing and quantitative reverse transcription PCR (qRT-PCR) 

 

Short-read next generation sequencing using an Illumina HiSeq 2500 analyzer was performed by 

the Genomics Research Laboratory at the Biocomplexity Institute of Virginia Tech, on samples 

from 0, 2 and 4 hours from 4 horses. 

 

Small RNA library construction and sequencing procedure 

 Library Construction was performed using an Illumina TruSeq Small kit 

  RNA adapters were ligated to the 5’-phosphate and the 3’-hydroxyl ends of small RNAs 

using TruSeq Small RNA sample preparation kit (Illumina, RS-200-0012) from 1ug of 

total RNA with RIN ≥ 8.0.  

 The ligated small RNAs were reverse transcribed, and barcoded via PCR amplification 

for 11 cycles. 

 Samples were run on Agilent BioAnalyzer 2100 to confirm for miRNA libraries.  

 Equal volumes of 6 individually barcoded samples are pooled, and the 147 bp (miRNA) 

and 157 bp (piwi-interacting and some miRNAs) fractions were extracted using Pippin 

Prep (Sage Biosxciences, Beverly, MA).  

 Pools were cleaned using Agencourt AmpureXP magnetic beads (Beckman, A63880), 

quantitated using Quant-iT dsDNA HS Kit (Invitrogen), and sizes validated on Agilent 

2100 Bioanalyzer). 

 Libraries were clustered onto a flow cell using Illumina’s TruSeq SR Cluster Kit v3 (GD-

401-3001), and sequenced for 50 cycles using a TruSeq SBS Kit -HS (FC-401-1002) on a 

HiSeq 2500 sequencer. 

 

 

 

High quality sequence data were mapped to the equine genome and annotated using the miRNA 

database mirbase Version 21. 
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Sequences to verify using qRT-PCR were selected according to: 

1) Significant expression change with LPS after correction for multiple 

comparisons (miR-155). 

2) Highly significant expression change with time after multiple comparisons, 

combined with non-significant trend towards treatment effect, high 

expression, and reported association with LPS in other species (miR-146a 

and miR-146b-5p) 

 

PCR analyses were performed on an expanded sample set of all 8 horses, using samples from 0, 

2, 4 and 8 hours (including aliquots of the same RNA samples used for sequencing). qRT-PCR 

was performed using TaqMan Advanced assays (Applied Biosciences), according to the 

manufacturer’s instructions. The primers used were as in the table below. For each primer, 

identity between the human and equine target sequence was confirmed by BLASTn analysis. A 

full data set could not be obtained for 3 horses due to problems with assay optimization, and so 

only data from 5 horses was retained for analysis.  

 

miRNA / control Catalog no. Mature sequence 

eca-miR-155-5p 477927_mir UUAAUGCUAAUCGUGAUAGGGGU 

eca-miR-146a-5p 478399_mir UGAGAACUGAAUUCCAUGGGUU 

eca-miR-146b-5p 478513_mir UGAGAACUGAAUUCCAUAGGCU 

Control: eca-miR-26a-5p 477995_mir UUCAAGUAAUCCAGGAUAGGCU 

 

As these procedures were performed on contract in an external laboratory, full protocols are not 

available. 


