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ABSTRACT 

Title of Dissertation: Micro-RNAs as biomarkers and therapeutic targets for autoimmune arthritis 

Steven Rudolph Dudics, Doctor of Philosophy, 2019 

Dissertation Direct by: Dr. Kamal Moudgil, PhD, Molecular Microbiology and Immunology 

 

Rheumatoid arthritis (RA) is a chronic, debilitating autoimmune disease that affects 0.3-1% of the 

world’s population. Approximately 30-40% of RA patients fail to respond well to presently used drugs, 

and the prolonged use of these drugs may result in serious adverse effects. Additionally, there are 

inherent limitations in the current biomarkers for RA with regard to their utility in the diagnosis and 

monitoring of therapeutic response. Therefore, there is an urgent need for novel therapeutic agents and 

new biomarkers for better management of RA. We proposed that specific micro-RNAs (miRNAs) can 

serve both these needs. MiRNAs are 19-22 nucleotides in length, transcribed mostly from the non-

coding regions of the genome, and increasingly being recognized as master regulators of gene 

expression. Using the rat adjuvant-induced arthritis (AA) model of RA, we examined the miRNA 

expression profile of arthritic rats and determined how this profile is modulated following anti-arthritis 

therapy. We used celastrol, a bioactive triterpenoid derived from a plant extract (celastrus), as a 

potential therapeutic. Following statistical and bioinformatical analyses, 8 miRNAs that were found to be 

increased after arthritis development were selected for further study. The expression of 6 of these 

miRNAs was significantly modulated by celastrol treatment, and the expression profile of the draining 

lymphoid cells was different from that of serum. We then identified the genes targeted by specific 

miRNAs, e.g., miR-96. Using transfection of RAW cells (macrophages) and HUVECs (endothelial cells) 

with miRNA mimics, we identified the target genes whose products play an important role in 

osteoclastogenesis and angiogenesis, respectively. Network analysis and functional assays further 

revealed the effects of select miRNAs on these two arthritis-related processes. Interestingly, the levels 



 
 

 
 

of expression of some of these miRNA-regulated genes were altered by celastrol, suggesting their 

involvement in its anti-arthritic effect. We suggest that the above miRNAs may serve as novel 

biomarkers of disease activity and therapeutic response in arthritis. A subset of these miRNAs could also 

be targeted for arthritis therapy.
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Chapter 1: SCOPE OF DISSERTATION 

Rheumatoid arthritis (RA) affects approximately 0.3-1% of the world’s population, with about 0.5-1.0% 

of Americans suffering from this debilitating disease [1-3]. Despite several advances in the management 

and treatment of RA, many challenges remain to be addressed. Two of these include the need for new 

disease biomarkers as well as effective and safe therapeutic agents. Rheumatoid factor (RF) and anti-

citrullinated protein antibodies (ACPAs) are the most commonly used biomarkers for RA. However, they 

may be detected in other autoimmune diseases as well [4]. Moreover, because of the strong association 

of ACPAs with smoking, their presence may be limited to a subset of RA patients [5]. Regarding therapy, 

many potent drugs are available for RA. However, the prolonged use of non-steroidal anti-inflammatory 

drugs (NSAIDs) is associated with renal and cardiovascular toxicities [6], whereas the use of 

methotrexate, the “gold standard” of RA treatment, can lead to liver damage, which may necessitate a 

liver transplant [7, 8]. Furthermore, biologics such as anti-tumor necrosis factor-α (anti-TNFα) can 

render RA patients vulnerable to infections. Thus, the search continues for both novel biomarkers as 

well as new therapeutic agents for RA.   

Using the rat adjuvant-induced arthritis (AA) model of human RA [9], we describe here the results of our 

study aimed at examining the utility of micro-RNAs (miRNAs) as biomarkers of disease and therapeutic 

response. Micro-RNAs are short nucleotides of 19-22 base pairs, which are mostly transcribed from the 

non-coding region of the genome, and they are increasingly being recognized as master regulators of 

gene expression [10]. The miRNAs have extensively been tested as biomarkers and/or therapeutic 

targets in different types of tumors [11, 12], and they are slowly gaining recognition in the 

autoimmunity field as well [13-15].  The current study is devoted to examining the miRNA expression 

profile in AA, a well-studied experimental model of RA. We also examined the effect of celastrol, a 

bioactive component of a natural plant extract (celastrus) and a potential therapeutic, on the miRNA 

profile of arthritic rats. Previous work from our group has shown that celastrol can inhibit arthritis 
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progressions in Lewis rats with AA [16]. Furthermore, celastrol can skew the T cell balance from a 

predominantly pro-inflammatory, T helper 17 (Th17) to a protective, T regulatory (Treg) phenotype in 

the periphery and the joints of arthritic rats [17].  

We hypothesized that specific micro-RNAs (miRNAs) contribute to the pathogenesis of autoimmune 

arthritis by modulating the expression of key genes, including those encoding a variety of mediators of 

inflammation and tissue damage. Furthermore, particular miRNAs and/or their targets may be 

harnessed for therapeutic purposes. To address these propositions, we developed two specific aims: 

Aim 1.  To define the miRNA profiles of arthritic Lewis rats, and identify significantly altered miRNAs that 

can serve as biomarkers of disease and therapeutic response to anti-arthritic drugs. 

Aim 2.  To identify specific genes that are targeted by these miRNAs and to define the role of 

miRNAs/mRNAs in controlling arthritis. 

The first aim of our project was to determine the miRNA profile of arthritic rats versus Mtb-immunized 

rats in the incubation phase of the disease, and to select miRNAs that are involved in defined pathways 

in the disease process in AA. This was accomplished by testing the draining lymph node cells (LNCs) of 

untreated and celastrol-treated arthritic rats at peak phase of the disease, as well as from rats in the 

incubation phase of AA. Total RNA was then isolated from LNCs and miRNA-microarray analysis was 

conducted on these RNA samples. Thereafter, the data was extensively analyzed statistically to compare 

the miRNA profiles of the three groups of rats. Target prediction software and IPA-mediated 

bioinformatical analyses were performed to narrow down the large numbers of differentially expressed 

miRNA to a select few, which we deemed critical for arthritis. This selection was based on several 

criteria such as the degree of fold change, p-value, the predicted gene targets, and the functional 

pathways important for arthritis that the miRNAs participate in.   
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The second aim of our project was to determine the gene targets of the miRNAs identified in Aim 1, and 

to unravel the likely role of these miRNAs/mRNAs in controlling the disease process in AA.  This was 

accomplished by transfecting defined cell types (e.g., RAW 264.7 and HUVEC) with specific miRNA mimic 

and then assessing the changes in gene expression. Following transfection, qPCR was performed to 

determine changes in gene expression.  

This dissertation reports the results of aforementioned experiments, which have revealed the following 

major findings: first, we have demonstrated that the levels of 8 miRNAs (miR-22, miR-27a, miR-96, miR-

142, miR-223, miR-296, miR-298, and miR-451) in the draining lymph node cells (LNCs), and that of 3 

miRNAs in the serum are significantly altered in rats with AA; second the miRNA expression profile of 

untreated arthritic rats is modulated by celastrol treatment; third, 4 miRNAs (miR-22, miR-27a, miR-96, 

miR-223) are predicted to target genes in pathways crucial for RA pathogenesis, suggesting that these 

miRNAs play an important role in RA pathogenesis; fourth that above miRNAs target defined sets of 

genes  that are known to play vital roles in the processes of osteoclastogenesis and angiogenesis, both 

of which are integral components of arthritis pathogenesis.  

The above findings provide evidence for the utility of miRNAs as biomarkers for disease and 

responsiveness to therapeutic intervention. This work has also unraveled the mechanism of action of 

select miRNAs, and it further suggests that these miRNAs themselves may also serve as therapeutic 

targets.  
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Chapter 2: INTRODUCTION 

2.1 Rheumatoid Arthritis (RA) 

2.1.1 Epidemiology 

Rheumatoid arthritis (RA) is a chronic autoimmune disease that affects millions of people across the 

world. The prevalence of RA is greater in more developed countries, such as the United States (U.S.) and 

the United Kingdom, than that in the developing countries (Fig. 1) (Table 1) [1, 2, 18, 19]. Worldwide, it 

is estimated that between 0.3-1% of the total population is afflicted with RA. In the U.S., 1.3 million 

individuals, the majority from Caucasian/non-Hispanic descent, suffer from this debilitating disease [2, 

3]. Furthermore, women are more likely to develop RA compared to men, with a female to male ratio of 

2-3:1 [1, 20, 21]. While RA is typically known to affect older individuals, children can also develop this 

disease. Juvenile idiopathic arthritis (JIA) is the most common form of arthritis in children under the age 

of 18 years. With JIA, children experience symptoms similar to that of RA, such as swollen and painful 

joints, fatigue, and chronic eye inflammation (uveitis) [22]. However, there are differences between the 

two diseases [22-24]. While RA lasts a lifetime, children with JIA can outgrow the disease and become 

asymptomatic [23]. Moreover, JIA has multiple groups of chronic arthritic conditions, while RA is 

considered a single condition despite some heterogeneity among patients. Additionally, JIA can affect 

the growth of the child by affecting the development of the bones, while RA affects adults who are 

already fully grown [24]. Also, children with JIA are less likely to be positive for rheumatoid factor (RF) 

which is a commonly used biomarker for RA [24]. In the U.S., it is estimated that approximately 294,000 

children suffer from JIA, and as with RA, it is more common in children of European descent [22]. As 

people continue to live longer, it is likely that the incidence of RA would increase over time [25-28], so 

there is a need for more effective biomarkers and therapies to combat this growing problem.  
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Figure 1. Prevalence rates of RA by country. (Figure from Mount, C. et al., Nature Reviews Drug 

Discovery volume 4, pages 11–12 (2005)) [29]. 

2.1.2 Genetic predisposition and environmental factors 

RA is a multifactorial disease that involves both genetic susceptibility and a multitude of environmental 

components. There have been several studies detailing the familial recurrence risks for developing RA 

[30]. The main genetic risk factors are human leukocyte antigen (HLA)-DRB1 alleles [30-33]; more 

specifically, the HLA-DRB1 *0404 allele [30]. There is a strong correlation between the inheritance of this 

allele and the development of RA [33]. In addition, there is a specific “shared epitope” (SE) sequence, 

the arginine-alanine-alanine (RAA) sequence, within the HLA-DRB1 allele at amino acid positions 70-74. 

People with this sequence (SE) have a higher risk of developing RA compared to people with a different 

sequence [31]. Furthermore, there has been at least one study in mice describing how HLA-DRB1 with SE 
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will preferentially polarize the T cells into T helper 17 (Th17) cells and inhibit the development of T 

regulatory (Treg) cells [34]. Among the environmental factors, smoking has been studied extensively for 

its impact on RA development and progression [30, 35-38]. It is well documented that smoking will 

increase the citrullination of proteins, and this can be attributed to the upregulation of the 

peptidylarginine deiminase 2 (PAD2) enzyme within the bronchoalveolar cells of the lungs [36]. 

Citrullination is the conversion of amino acid arginine within a protein to the amino acid citrulline. 

Citrullination is also observed in normal, homeostatic conditions. However, when in excess, this can 

generate altered self-epitopes, which are then targeted by the T and B cells, resulting in a break in 

immune tolerance [39]. This change eventually leads to the production of anti-citrullinated protein 

antibodies (ACPA) and subsequent inflammation and autoimmunity [37, 38]. In addition to smoking, 

various pathogens have also been associated with the increased likelihood of developing RA [40-43]. A 

significant increase in the incidence of periodontal disease (PD) has been reported in RA patients 

compared to healthy subjects [41, 42]. Moreover, there is a higher level of antibodies to bacteria that 

cause PD in RA patients when compared to healthy controls [43]. Furthermore, PAD2 is also present in 

Porphyromonas gingivalis, which is associated with PD [44]. Hence, there is a correlation between 

chronic PD and the development of RA.    

Table 1. Prevalence and incidence rates of RA by country (cases per 100 inhabitants). 

Population Country Prevalence rates Incidence rates 

North America 

• USA (general 

population) 
0.9–1.1 0.02–0.07 

• USA (native-

Americans) 
5.3–6.0 0.09–0.89 

North Europe 

• England 0.8–1.10 0.02–0.04 

• Finland 0.8 0.03–0.04 

• Sweden 0.5–0.9  

• Norway 0.4–0.5 0.02–0.03 

• Netherlands 0.9 0.05 

• Denmark 0.9  
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• Ireland 0.5  

South Europe 

• Spain 0.5  

• France 0.6 0.01 

• Italy 0.3  

• Greece 0.3–0.7 0.02 

• Yugoslavia 0.2  

South America 

• Argentina 0.2  

• Brazil 0.5  

• Colombia 0.1  

Asia 

• Japan 0.3 0.04–0.09 

• China 0.2–0.3  

• Taiwan  0.3 

• Indonesia 0.2–0.3  

• Philippines 0.2  

• Pakistan 0.1  

Middle East 

• Egypt 0.2  

• Israel 0.3  

• Oman 0.4  

• Turkey 0.5  

Africa   0–0.3   

 (Table from Alamanos, Y. et al., Autoimmun Rev, 2005. 4(3): p. 130-6.) [1]. 

2.2 Autoimmune response in RA 

Under homeostatic conditions, mature T cells will encounter self-antigens frequently. However, there 

are a wide variety of mechanisms in place that prevent any potentially self-reactive T cell from becoming 

fully activated. These include induction of anergy due to lack of co-stimulation, anatomical barriers 

preventing autoreactive T cells from interacting with their target antigen, and suppression through Treg 

cells [45, 46]. In the case of autoimmune diseases, there is a breakdown in these immune tolerance 

mechanisms. The initiation of RA involves a complex interplay between innate and adaptive immunity 

(Fig. 2). This interaction leads to the activation of autoreactive T cells that target arthritogenic self-

antigens such as type II collagen (CII) [47], α-enolase [48], and heat-shock proteins (HSP) [49-51]. A 

ubiquitously expressed 60S ribosomal protein L23a (RPL23A) is reported to be one of the self-antigens in 

the SKG mice that have a mutation in ZAP70 (zeta chain of T cell receptor associated protein kinase 70) 

and develop spontaneous arthritis [52]. This same protein was found to induce humoral and cellular 

Table 1. continued 
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responses in RA patients [53]. The main class of T cells involved in the pathogenesis of RA is the CD4+ T 

cell. Antigen presenting cells (APCs), which are composed of macrophages, dendritic cells (DCs) and 

activated B cells, will present self-antigens to the T cells that have a T cell receptor (TCR) which 

recognizes a specific antigen as a peptide-MHC complex. In conjunction, co-stimulatory molecules are 

upregulated on the surface of APCs and T cells to facilitate the full activation of the T cells. Furthermore, 

the cytokines produced by the APCs will direct the T cell to differentiate into a specialized subset. For 

example, IL-6 and TGF-β program the T cell to differentiate into a T helper (Th) 17 cell [54, 55]. Following 

this differentiation, the activated T cells will then travel to the joint through chemotactic migration [50, 

51]. There, these T cells will then initiate the inflammatory cascade by secreting cytokines and other pro-

inflammatory mediators. In turn, this will attract other cell types, such as neutrophils, macrophages, and 

fibroblasts to the site of inflammation, which will cause further inflammation and bone damage in the 

joints [56, 57].  The main cell types involved in the development and progression of RA are the increased 

levels of T effector cells (Th1 and Th17) combined with dysfunctional or lower levels of Treg cells.  

2.2.1 T cell response 

2.2.1.1 Th1 cells 

The CD4+ Th1 and Th2 cell subsets were first identified by Mosmann and Coffman in 1986 [58], and 

since then multiple other subsets have been discovered. The Th1 cell plays a major role in the cellular 

immune response against intracellular pathogens [54, 59]. Naïve CD4+ T cells will constituently express 

the interleukin 12 receptor beta 2 subunit (IL-12Rβ2). In the presence of IL-12 and interferon gamma 

(IFN-γ), the activated T cell will upregulate the expression of this receptor via an interferon regulatory 

factor 1 (IRF1)-dependent mechanism [59-62]. Following the binding of IL-12 to its receptor, the signal 

transducer and activator of transcription 4 (STAT4) pathway will become active, which in turn will 

upregulate the expression of the transcription factor T-box expressed in T cells (T-bet). The expression of 
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T-bet will drive the production of IFN-γ and downregulate the expression of the transcription factor 

GATA binding protein 3 (GATA3) and the cytokine IL-4 [59, 63, 64]. Following this, the T cell is now a fully 

developed Th1 cell. As stated above, Th1 cells are known to participate in cell-mediated immunity 

against various infectious agents. However, they also play a role in RA. The T cells harvested and cloned 

from the synovial tissue produced a large amount of IFN-γ upon stimulation in vitro [65, 66]. Moreover, 

cytokine analysis from both peripheral blood mononuclear cells (PBMCs) and the synovial tissue shows a 

high concentration of IFN-γ [65-67]. Furthermore, there is an increased population of citrulline-specific 

Th1 cells in RA patients compared to healthy subjects [68]. These studies illustrate that Th1 cells have 

the capacity to participate in the immunopathology of RA.  

2.2.1.2 Th17 cells  

It was observed that a deficiency in IL-12 and IFN-γ did not have a limiting effect on experimental 

autoimmune encephalitis (EAE) in mice, but rather enhanced it. This perplexing observation led to the 

discovery of a crucial cytokine, IL-23, and a receptor subunit, p19, which are important for EAE [59, 69]. 

Further investigation of this phenomena led to the observation that effector T cells exposed to IL-23 

produced large amounts of IL-17 [70, 71]. Hence, a new T cell subset was unveiled, the Th17 cell. The 

Th17 cell has since been detected in several autoimmune diseases such as multiple sclerosis (MS) [72], 

type 1 diabetes (T1D) [73], systemic lupus erythematosus (SLE) [74], RA [75-78], psoriasis (PS), and 

inflammatory bowel diseases (IBD) [79]. 

In order to generate Th17 cells in mice, naïve CD4+ T cells have to undergo activation in the presence of 

both IL-6 and TGF-β. TGF-β1-deficient mice are devoid of Th17 cells, and T cell-specific deletion of TGFβ1 

blocks Th17 cell differentiation. This in turn prevents the initiation of EAE in mice [80, 81]. However, 

excessive amounts of TGF-β can skew the T cell to become a Treg via antagonizing the master 

transcription factor of Th17 cells, RAR-related orphan receptor gamma (RORγt) [82]. In addition, IL-21 is 
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a key element in assuring that a T cell becomes a Th17 cell [83, 84]. The activated T cell will secrete IL-

21, and in an autocrine fashion, will bind to its receptor [85]. Once the T cell encounters these cytokines, 

its receptors will signal through STAT3, which will then induce the expression of RORγt and the IL-23 

receptor (IL-23R) [86]. In humans, this process occurs in a similar manner; however, it is IL-1β in 

combination with either IL-6 or IL-23, which initiates and stabilizes Th17 differentiation [87, 88]. 

Following RORγt induction, IL-23 contributes to the maintenance of the Th17 lineage [89].  

There are numerous reports describing the differences between pathogenic Th17 cells and non-

pathogenic Th17 cells.  Conventionally, IL-17 is one of the key markers for defining a Th17 cell. There are 

several isoforms of IL-17 [90], but the main ones produced by Th17 cells are IL-17A and IL-17F [91]. 

However, this is not an adequate feature to distinguish the two groups of Th17 cells [92-95]. For 

example, naïve T cells in the presence of specific concentrations of TGF-β1 and IL-6 may differentiate 

into a non-pathogenic Th17 phenotype [93]. However, when these cells are exposed to IL-23, they will 

switch to a pathogenic Th17 cell [94]. In addition, TGF-β3 has been implicated as a key cytokine for the 

differentiation of pathogenic Th17 cells [96]. Also, IL-6/IL-23/IL-1β or other cytokine combinations 

without TGF-β may also produce pathogenic Th17 cells [94]. Moreover, activation of naïve T cells under 

Th17-polarizing conditions in the presence of IFN-β will stimulate the production of IL-10 in these cells 

and suppress Th17-associated autoimmune inflammation [95]. While both pathogenic and non-

pathogenic Th17 cells express RORγt and secrete IL-17, they can be distinguished with the help of a few 

markers. Pathogenic Th17 cells will express high levels of the transcription factor Tbx21 (T-bet), and 

secrete pro-inflammatory mediators such as granulocyte-macrophage colony-stimulating factor (GM-

CSF), the chemokines CXCL3, CCL4, and CCL5, and the cytokine IL-22 [96, 97]. Non-pathogenic Th17 cells 

will secrete IL-10 and IL-1 receptor antagonist (IL-1rn), and express higher levels of aryl hydrocarbon 

receptor (Ahr) [96]. Furthermore, there are differences in metabolism between pathogenic and non-

pathogenic Th17 cells. The molecule CD5-like (CD5L) has been shown to be a crucial element in 
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determining pathogenicity of Th17 cells [98]. The loss of CD5L leads to the conversion of non-pathogenic 

Th17 cells to a pathogenic state. CD5L is a regulator of fatty acid metabolism and decreases the level of 

polyunsaturated fatty acyls (PUFA). In turn, this alters the expression of key cholesterol biosynthesis 

enzymes and affects the binding and activity of RORγt [98]. Salt (Sodium chloride (NaCl)) has been 

implicated in skewing the Th17/Treg balance to a more inflammatory state. Salt has been shown to 

enhance the production of IL-17 and pro-inflammatory Th17 cells [99-101]. Salt induces 

serum/glucocorticoid regulated kinase 1 (SGK1), which is a pivotal enzyme that induces the 

differentiation of Th17 cells  in addition to suppressing the function of Treg cells [99, 100]. It is suggested 

that the high salt intake of the Western diet might be one of the factors contributed to the increase of 

autoimmune diseases in certain countries.  

A beneficial role of the Th17 cell is to clear extracellular bacteria and fungi [102]. IL-17A and IL-17F 

produced by Th17 cells aids in the chemotaxis of neutrophils and other myeloid cells by increasing the 

production of chemokines (e.g., IL-8), thus leading to an increase in the migration of cells to the site of 

inflammation [103]. It has been shown that Th17 cells fight fungal infections through toll-like receptor 

(TLR) and non-TLR-dependent signaling mechanisms [104-106]. Moreover, Th17 cells have been found in 

the memory T cell compartment that responds to Candida albicans (C. albicans) [104, 107]. 

Furthermore, defective IL-17RA signaling has been linked with an increase in both systemic and oral 

candidiasis, and the administration of exogenous IL-17 to make up for the Th17 deficiency made the 

condition more severe [108, 109]. Additionally, clearance of Staphylococcus aureus (S. aureus) from the 

nasal mucosa is dependent on the presence of Th17 cells. IL-17A produced by Th17 cells leads to the 

influx of neutrophils, which are crucial because IL-17A-deficient mice were unable to effectively remove 

S. aureus from the host [110]. 
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Figure 2. Immunopathogenesis of experimentally-induced autoimmune arthritis.  

A schematic showing the flow of events from presentation of an autoantigen to the propagation of inflammation 

and joint damage. The key pathways for RA start at the autoreactive T cells becoming fully activated via APCs 

presenting self-Ag. This initiates their differentiation into multiple Th cell subsets under the influence of various 

cytokines, which are secreted from the APCs and other cells in the surrounding environment. Following activation, 

the T cells secrete their own pro-inflammatory mediators, which act on myeloid and synovial/fibroblast cell types 

resulting in propagation of the inflammatory environment. Treg cells attempt to suppress inflammation, but in RA 

they are either defective or low in cell number to have a major effect.  Moreover, T-B cell collaboration leads to 

autoantibody production by plasma cells. In addition, pro-inflammatory T cells (e.g., Th1, Th17) influence the 

osteoimmune cross-talk leading to osteoclast differentiation and bone erosion. These intricate pathways regulate 

autoimmune inflammation of the synovial joint, as shown by arrows (leading to activation/induction) and blunt 

ends (leading to suppression/inhibition) (Figure from Dudics, S., et al., Int J Mol Sci, 2018. 19(9).)  [111]. 

2.2.1.3 Regulatory T cells 

The Treg was first described by Sakaguchi et al. [112], who showed that the adoptive transfer of 

CD4+CD25- T cells into T cell-deficient mice resulted in autoimmunity, but when these cells were co-

transfected with CD4+CD25+ T cells, the autoimmune disease was mitigated. The Treg cell was first 
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characterized as a CD4+CD25+ T cell [112]. Since then, more markers have been described for Tregs, 

such as forkhead box P3+ (Foxp3+), CD127-, and Helios (+/-) [113, 114]. Moreover, distinct populations 

of Treg cells can have different markers. For example, Helios+ Treg cells are mainly thymically derived 

(tTreg), while the Helios- Tregs are differentiated in the periphery (pTreg) [114, 115]. In SLE patients, the 

percentage of Foxp3+Helios+ Tregs positively correlate with disease severity [116]. It was previously 

reported that Tregs were decreased in SLE, however, this was due to the use of CD25 as the only 

marker. Utilizing Helios, researchers were able to locate non-cytokine producing Treg cells and conclude 

that Treg levels were unaffected in SLE patients [116].  

The generation of Treg cells requires naïve CD4+ T cells to be activated in the presence of high levels of 

TGF-β and IL-2 [117, 118]. Removal of TGF-β results in diminished suppressive functions and poor 

survival of Tregs [119]. TGF-β will signal through SMAD (mothers against decapentaplegic homolog) 

Family Member 3 (Smad3), and together with TCR signaling via nuclear factor of activated T-cells (NFAT), 

the master transcription factor for Tregs, Foxp3, will be induced [120]. Furthermore, unlike other T cell 

subsets that can make and secrete their own IL-2 [121], Treg cells cannot produce IL-2, so they need to 

acquire it exogenously [122]. IL-2 will bind to the high affinity IL-2 receptor (IL-2Rβ) and signal through 

STAT5 to induce and maintain the expression of Foxp3 [123].  

Foxp3 is essential for the function of Treg cells. It has been demonstrated that loss of function mutations 

in the Foxp3 gene lead to spontaneous autoimmunity in both animal models and humans [124-126]. 

Moreover, the transfer of the CD4+ T cells from scurfy mouse, which has a missense mutation in the 

Foxp3 gene, into T cell-deficient mice leads to autoantibody production and inflammation in the lungs, 

skin, and kidneys [124]. In humans, mutations in the Foxp3 gene lead to immunodysregulation 

polyendocrinopathy enteropathy X-linked (IPEX) syndrome. Here, patients will develop multiple 

autoimmune diseases within the first 2 years of life, and unfortunately most will not live much longer 
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after 2 years [126]. In addition, retroviral transduction of the Foxp3 gene into CD4+CD25- T cells can 

convert them into CD4+CD25+ Treg-like cells. These cells have suppressive functions and can prevent 

the proliferation of T cells in vitro as well as autoimmunity in Treg-depleted animals [127]. 

There are numerous mechanisms by which Tregs exert their suppressive functions. These include cell-to-

cell contact, anti-inflammatory cytokine secretion, and acting as a “cytokine sink”. First, Treg cells 

express suppressive costimulatory molecules on their surface. The expression of cytotoxic T lymphocyte 

antigen 4 (CTLA-4) is important for Tregs to suppress other cells [128-130]. Mice with deficiency in CTLA-

4 exhibit massive lymphoproliferation and autoimmunity [128-130]. Moreover, blocking CTLA-4 can 

result in IBD [131]. Second, Tregs secrete numerous anti-inflammatory molecules such as IL-10 and TGF-

β. These molecules have their own mechanisms of preventing the activation of T cells, reducing the 

production of inflammatory mediators, and skewing the balance of T cell subsets to a regulatory 

phenotype [132-134].  Finally, high levels of expression of IL-2R on the surface of Tregs can sequester IL-

2 from activated and proliferating effector T cells, thereby reducing their proliferation and inducing 

apoptosis [135]. Recently, it has been shown that Tregs can suppress T cell activation by physically 

removing the peptide-MHC II complex from the surface of dendritic cells (DCs) [136]. Here, antigen-

specific Tregs that were activated by DCs pulsed with two separate antigens prevented activation of 

naïve T cells specific for the cognate antigen of Tregs. Naïve T cells specific for the non-cognate antigen 

were still able to become fully activated. Also, when Tregs had a strong enough interaction with DCs, it 

led to the physical removal of the peptide-MHC II complex [136]. Tregs also are able to regulate the 

humoral response by directly targeting B cells. They have been shown to induce apoptosis, suppress the 

expression of Ig-associated genes, downregulate the functions of bone marrow plasma cells, and 

stimulate the secretion of IgA [137]. 
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2.2.2 B cell response 

Besides the T cells, the B cells also plays a crucial role in the initiation and propagation of the disease 

[50, 138-141]. B cells produce autoantibodies such as RF and ACPA, which also serve as biomarkers for 

RA; produce cytokines such as receptor activator nuclear factor kappa B ligand (RANKL) and lymphotoxin 

α (LT-α); and serve as APCs to activate autoreactive T cells [138-141]. Moreover, B cells are able to form 

tertiary lymphoid structures in the synovium of RA patients due to the production of LT-α. This leads to 

the formation of germinal center (GC)-like structures within the inflamed tissue, which contribute to 

perpetuating the disease and further activating the T cells [140, 141]. The depletion of B cells with 

therapeutic agents, such as Rituximab (anti-CD20 antibody), has resulted in the reduction of RA 

symptoms and improvement of patient’s health [140], thus highlighting the importance of B cells in RA.  

B cells contribute to RA via the production of autoantibodies [50, 142]. RA patients have high titers of 

antibodies targeting the fragment crystallizable (Fc) region of immunoglobulin G (IgG), IgA, and IgM, 

otherwise known as RF [50, 139]. These high antibody titers can lead to the formation of immune 

complexes (IC) [139], which can activate innate immune cells through Fc receptors (FcR). Moreover, ICs 

can initiate complement activation and create a proinflammatory environment leading to the 

destruction of the synovial tissue and cartilage [139]. Furthermore, B cells can uptake ICs and present RF 

as antigen to the T cells and activate them [138]. Another common autoantibody found in RA patients is 

ACPA [57, 138, 141]. As discussed above, RA patients can have an increased concentration of 

citrullinated proteins and peptides due to smoking and periodontitis [36, 40]. ACPAs can be found in 

high concentrations in the synovial fluid of RA patients [139], and ACPA-positive RA patients tend to 

have more severe symptoms that non-ACPA patients [57]. ACPAs can induce a wide-variety of symptoms 

including bone loss, inflammation and pain [143, 144]. Furthermore, it has been proposed that ACPAs 
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play a direct role in osteoclast differentiation, which may partly explain why the joints are primarily 

targeted in RA [145]. 

In addition to autoantibody production, B cells can form tertiary lymphoid structures, a process known 

as ectopic lymphoneogenesis [140, 141]. These GC-like structures have been found in the inflamed 

synovium of up to 60% of RA patients [141]. In addition, there is an abundant expression of CXCL13 (a B 

cell-attractant), CCL19 (a T cell-attractant), and B cell-activating factor (BAFF) in the synovial tissues of 

RA patients [140, 146]. Furthermore, the expression of LT-α, an important cytokine in the formation of 

GCs, is increased in inflamed RA synovium and serum of RA patients [147]. Moreover, the activation of 

CD4+ T cells in rheumatoid synovium is dependent on the presences of these B cell follicles. When CD4+ 

T cells were adoptively transferred into B cell-depleted severe combined immunodeficiency (SCID) mice, 

they were much less activated compared to those in non-B cell-depleted mice [148]. Also, histological 

analysis of RA synovia has shown that there are distinct structures of these ectopic GCs, and that B cells 

in these GCs undergo affinity maturation and somatic hypermutation [140, 141, 149-151]. These studies 

highlight the importance of tertiary lymphoid structures and their role in RA pathogenesis.  

B cells are known to serve as APCs, and this information has proven to be crucial in understanding RA 

pathogenesis [138, 139, 141]. Due to the specificity of the B cell, it can uptake a select antigen and 

present it in a more efficient manner compared to other APCs [138, 139, 141]. In addition, B cells can 

uptake immune complexes, which contain RF, and then process and present the epitopes to 

autoreactive T cells [138]. Furthermore, the T cells failed to become fully activated in the absence of B 

cells (in B cell-depleted rheumatoid arthritis synovium-SCID mouse chimera model), suggesting the 

critical role of B cells in proper activation of the T cells [148]. In addition to serving as APCs, B cells can 

drive RA pathogenesis through cytokine secretion [138, 140]. Gene expression analysis of synovial B cells 

in RA have shown that they can produce IL-12, IL-23, and TNF-α [152] as well as IL-6, IL-8, and GM-CSF 
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[153]. Also, CD19+ B cells can produce IL-17A in both RA patients and healthy individuals [154]. 

Moreover, it has been demonstrated that memory B cells can secrete RANKL and participate in 

osteoclastogenesis and bone erosion [152, 155].  

As discussed above, the depletion of B cells in RA patients can lead to their inability to activate T cells 

and therefore, a reduction in disease severity. This has been practiced in the clinic with great success. 

The most well-known therapeutic used in the clinic to deplete B cells is Rituximab [138-140]. Rituximab 

is a monoclonal antibody that targets CD20 on B cells, and it has been shown to improve disease activity 

score (DAS) 28 and reduce radiographic progression (joint inflammation and damage) in RA patients 

[156]. Rituximab is typically given to patients who have failed at least one TNF antagonist and traditional 

disease-modifying antirheumatic drugs (DMARDs), such as methotrexate. In a study with a cohort of 

over 300 RA patients where the initial TNF antagonist had no effect, the patients who switched to 

Rituximab tended to do better compared to patients who switched to a different TNF antagonist [157].  

2.2.3 Role of myeloid cells 

Besides the B and T cells, the myeloid-derived cell types such as neutrophils, macrophages, and DCs also 

play important roles in RA pathogenesis through activation of autoreactive T cells, secretion of pro-

inflammatory mediators, and upregulation of osteoclastogenesis and angiogenesis [158-160]. 

2.2.3.1 Dendritic cells   

There are two main classes of DCs, myeloid (mDCs) and plasmacytoid (pDCs), and both are found in high 

concentration in the synovial tissues of RA patients [161]. ACPA+, but otherwise healthy individuals, who 

are at risk of developing RA, have higher numbers of CD1c+DCs compared with ACPA – healthy 

individuals. This cell type is a subset of immature, tolerogenic DCs that contribute to immune regulation 

in the lymph nodes that drain the joint tissue [162]. However, in active RA, these DCs mature, 
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upregulate co-stimulatory molecules, and expand the Th1/Th17 memory cell populations [163]. 

Moreover, these DCs contribute to the inflammatory process by secreting both TNF-α via TLR8 [164] and 

chemokines [163]. Also, when PBMCs of RA patients were differentiated in vitro into DCs, they gained a 

pro-inflammatory phenotype. These DCs secreted an increased amount of pro-inflammatory cytokines 

and chemokines, which was not the case for DCs generated from healthy controls [165]. In addition, 

dysregulation of several factors in the synovial tissue environment can lead to a pro-inflammatory role 

of synovial DCs. These factors include increased secretion of granulocyte–macrophage colony‐

stimulating factor (GM-CSF) from DCs [166]; thymic stromal lymphopoietin (TSLP) activating the CD1c+ 

DCs leading to the attraction and stimulation of T cells in the synovium [167]; increased cross-priming 

and DC cross-talk due to higher levels of HSPs in the environment [168]; and skewing of DCs to secrete 

proinflammatory cytokines such as TNF-α, IL-6, and IL-8 as a result of elevated IIC in RA joints [160, 169]. 

This suggests that DCs in RA patients can play a more inflammatory role due to the local environment in 

the joints. Finally, DCs are known to be effective APCs. In RA, DCs take up and process neoantigens that 

have been modified due to smoking or infection and present them to autoreactive T cells. Since these 

proteins are no longer recognized as self, the T cells will become activated and may cause joint damage 

and inflammation [31-33, 160]. 

2.2.3.2 Macrophages 

The macrophage is a multifaceted cell that has several functions. It is important for maintaining tissue 

homeostasis via phagocytosing apoptotic cells and debris. The macrophage can function as an APC and 

can either mount an inflammatory response when encountering a pathogen or regulate the immune 

response and initiate repair under other circumstances [169-171]. In the joints of healthy individuals, 

tissue-resident synovial macrophages are strongly phagocytic. They have high levels of expression of the 

scavenger receptor CD163, in addition to that of inhibitors of bone erosion (e.g., osteoprotegerin (OPG)) 
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and IL-1Rn [158, 172, 173]. Moreover, they lack RANKL and pro-inflammatory cytokines (e.g., TNF-α and 

IL-1β) [174]. However, during RA development, monocytes from circulation start to infiltrate the 

synovium. This infiltration creates a hypoxic environment, causing the macrophages to adapt and 

upregulate hypoxia‐inducible transcription factor 1 (HIF‐1α). In turn, this alters their metabolism to 

anaerobic glycolysis and supports their proinflammatory activation [158, 172, 173]. Furthermore, ACPA 

and citrullinated fibrinogen complex in the synovium can bind to Fc receptors and TLR-4, resulting in 

TNF-α production and secretion [174]. Additionally, oxidized oxysterols, which are increased in the 

synovial fluid of RA patients, can bind to the transcription factor liver X receptor (LXRα) in synovial 

macrophages. This interaction leads to enhanced damage‐associated molecular patterns (DAMPs)‐

induced TNF-α, IL‐6, IL‐1β and GM‐CSF production [68]. Finally, memory T cells that are recruited to the 

joint secrete IFN-γ upon interaction with the local cytokines. IFN-γ will bind to receptors on 

macrophages, in turn leading to enhanced APC capabilities and further production of pro-inflammatory 

cytokines [68, 158, 175]. 

2.2.3.3 Neutrophils  

The neutrophil is the most abundant leukocyte produced in the body, and it typically plays an important 

role in innate immunity against bacterial pathogens [176]. In RA however, these key pro-inflammatory 

roles of neutrophils can be detrimental. In active RA, there are several molecules (e.g., IL-6, CXCL5, P-

selectin, E-selectin and others) [177] that are increased and that lead to the massive migration of 

neutrophils into the joint. In addition to these, neutrophils can induce their own recruitment through 

the upregulation of leukotriene B4 (LTB4) and IL-1β synthesis and secretion [178]. Once neutrophils are 

activated, they also have mechanisms that aid in their survival, such as a delay in apoptosis [179], higher 

levels of the anti-apoptotic protein myeloid cell leukemia 1 (Mcl-1) [180], and hypoxia in the joint 

resulting in an anti-apoptotic state [181]. Moreover, neutrophils show an increase in pro-inflammatory 
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activity with the upregulation of IL-17b production [182], which enhances TNF-α activity. When healthy 

neutrophils were cultured with ACPAs isolated from RA patients, they showed increased levels of 

reactive oxygen species (ROS) [183]; overexpression of pro-inflammatory mediators such as macrophage 

inflammatory protein 1 (MIP-1α) and monocyte chemoattractant protein-1 (MCP-1); and increased 

production of IL-8 and IL-23 [183]. Furthermore, RA neutrophils have been shown to spontaneously 

form neutrophil extracellular traps (NETs) compared to healthy neutrophils [184], and the increase in 

NETs has been implicated in accelerating the disease process [185, 186]. Finally, neutrophil depletion 

studies show that when neutrophils are functionally inhibited, there is a reduction of inflammation and 

bone erosion [187]. Also, therapies that target and suppress pathological aspects of neutrophils lead to 

a reduction in disease [159], thus demonstrating the important role of neutrophils in RA.  

2.3 Angiogenesis and osteo-immune interactions in RA 

2.3.1 Angiogenesis 

Angiogenesis is characterized by the formation of new capillaries from pre-existing blood vessels [188, 

189]. In RA, there is uncontrolled neovascularization due to various environmental factors (e.g. hypoxia-

inducible factors, cytokines, chemokines, matrix metalloproteinases, and adhesion molecules) inhibiting 

antiangiogenic inhibitor pathways, while also allowing for the growth of vasculature and the 

transmigration of leukocytes (Fig. 3) [188, 190, 191]. Previous studies have shown that synovial 

macrophages and fibroblasts play a predominant role in pathologic angiogenesis. Here, macrophages in 

conjunction with the fibroblasts secrete growth factors such as vascular endothelial growth factor 

(VEGF) and/or basic fibroblast growth factor (bFGF) due to the hypoxic environment of the inflamed 

joint [190, 192, 193]. Moreover, during hypoxia, angiogenesis can be triggered by a positive feedback 

loop of the HIF-1α and VEGF pathways [194]. In addition, cell-to-cell contact of the synovial fibroblasts 
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and macrophages is enough to stimulate the production and secretion of IL-6 and IL-8, which amplify the 

inflammatory signaling cascade [195].  

In the synovial tissue lining of RA patients, there is increased expression of angiopoietin (Ang) 1 and its 

receptor tyrosine kinase receptor (Tie) 2 compared to healthy controls [196]. Ang1 expression is 

differentially regulated in RA synovial tissue fibroblasts compared to endothelial cells, and this may be 

due to TNF-α stimulating its production, while the endothelial cells are unaffected [197]. The Ang family 

of proteins and its receptors are important for vascular stabilization.  In RA, it has been demonstrated 

that Ang1 plays a role in the later stage of angiogenesis compared to VEGF [198]. Furthermore, 

depletion of Tie2 in a CIA mouse model led to amelioration of joint neovascularization and subsequent 

inhibition of bone erosion and ankle edema [199]. This highlights how inhibition of angiogenesis can 

ameliorate RA pathology.  
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Figure 3. RA angiogenesis is driven by pro-inflammatory cytokines released from the cells in the synovial tissue-

lining layer 

In an inflammatory environment, RA synovial tissue macrophages and fibroblasts secrete pro-inflammatory 

cytokines, which can dysregulate the expression of several mediators critical for angiogenesis, including adhesion 

molecules, MMPs, chemokines and growth factors. There are several steps which need to occur for proper 

formation of the neovasculature. First, the endothelial cells become activated. Next, a structure called a sprout 

begins to form. This is the beginning of a connection of a new blood vessel. Third, a loop will take shape and finally 

a new blood vessel is segregated and created. This vessel will mature and become interconnected to the 

circulatory system (Figure from O'Brien, J., et al., Front Endocrinol (Lausanne), 2018. 9: p. 402.) [10]. 

Chemokines, both chemokine (C-X-C motif) (CXC) and chemokine (C-C motif) (CC) varieties, also play a 

major role in angiogenesis. There are several chemokines that are upregulated in the synovial tissue of 

RA patients compared to healthy controls, and many are known to be pro-angiogenic. For example, the 

amino acid motif ELR (Glu-Leu-Arg) at the N-terminus of the first cysteine residue will determine if the 

chemokine is pro-angiogenic [200]. The main chemokines that are produced in RA synovial tissue 

macrophages and have the ELR motif are CXCL1, CXCL5, CXCL8 and CXCL16 [201]. An exception is the 

chemokine CXCL12, which does not contain the ELR motif, but can contribute to neovascularization 

through the production of VEGF and bFGF [202]. CXCL12 is highly upregulated in the synovial fluid of RA 

patients [203], and its receptor, CXCR4, is also increased in expression in the synovial tissue lining and 

endothelial cells of RA patients [204]. In addition to being pro-angiogenic, these chemokines can also 

attract other immune cells, such as neutrophils, to the synovium. This influx of cells can contribute to 

the pro-inflammatory environment [188]. Similar to CXC chemokines, there are multiple CC chemokines 

secreted by RA synovial fibroblasts and macrophages in response to pro-inflammatory mediators. Two 

notable chemokines, CCL21 and CCL28, are upregulated in RA synovial tissue and are integral to the 

process of angiogenesis [205, 206]. CCL21 can induce endothelial cell migration and capillary tube 

formation [207]. Also, it can increase the secretion of VEGF, IL-8 and Ang1 from synovial tissue 

fibroblasts or macrophages [206]. CCL28, and its receptor CCR10, are differentially expressed in RA 

synovial tissue/fluid compared to healthy controls, and their expression is modulated via TNF-α/TLR-4 

ligation in RA peripheral blood monocytes and endothelial cells [205]. Moreover, antibody neutralization 
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of CCL28 in RA synovial fluid, or blockage of CCR10 in human endothelial progenitor cells, significantly 

reduced endothelial cell migration and capillary tube formation. This suppression demonstrates the 

importance of CCL28/CCR10 ligation in angiogenesis [205].  

Matrix metalloproteinases (MMPs) are enzymes that breakdown extracellular matrix components and 

the basement membrane. In RA, MMPs play a crucial role in the formation of new blood vessels and 

bone formation [208]. MMP2 is constitutively expressed in RA joints, and the expression of MMP1, 

MMP3, MMP9, MMP8, and MMP13 is accentuated by IL-1β, TNF-α or hypoxia, hallmarks of the RA joint 

environment [209-211]. MMP2 and MMP9 in conjunction with  MMP1 and MMP13 participate in RA 

angiogenesis [212], and the synovial fluid levels of MMP9 and MMP13, but not MMP1 or MMP2, 

correlate with the levels of VEGF [213]. This suggests that certain classes of MMPs may play an 

important role in RA-associated angiogenesis.  

2.3.2 Osteoimmune interactions 

Over the past two decades, it has become increasingly clear that there is a cross-talk between the 

immune system, at both the cellular and molecular level, and the bone remodeling process in the 

inflammatory environment within the joints of RA patients [214, 215]. There are various mediators, 

including pro-inflammatory cytokines, which take part in bone resorption [216-219]. In RA there is a 

direct link between inflammation and bone turnover [217, 219-221]. Currently, there are multiple drugs 

available for the treatment of arthritis [6, 222-224]. However, although they can suppress inflammation, 

they may fail to protect against bone erosion [225, 226]. Conversely, there are drugs which inhibit bone 

destruction, but have little effect on joint inflammation [227-229]. For effective management of RA, it is 

imperative that the drugs used can target both bone damage and inflammation.  

Bone remodeling is a dynamic process involving a balance between the formation of new bone by 

osteoblasts [220, 230, 231] and the resorption of the existing bone by osteoclasts [231-233]. The role of 
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osteoclasts in chronic RA has become more clear over the last two decades. Bromley and Woolley [234] 

discovered osteoclast-like cells at the site of bone erosion. Later, Takayanagi et al. [235] showed that 

synovial fibroblasts of RA patients promoted osteoclastogenesis in vitro. In the following years, 

additional evidence for the mechanism of action of osteoclasts began to accumulate. For example, 

osteoclast precursors have been found in tissue sections of the bone-pannus interface of RA patients 

[230]. In addition, RANKL-knockout mice, which are deficient in osteoclasts, are protected from bone 

damage, as observed in a serum transfer model of RA [236]. 

In RA, the balance between osteoclasts and osteoblasts is disturbed, with bone resorption dominating 

over bone formation (Fig. 4) [217, 219-221]. IL-17 is one of the major pathogenic cytokines that are 

expressed in increased amounts in the joint in active RA [237]. This heightened level of IL-17 drives 

osteoclastogenesis, in turn leading to bone erosion [215, 218, 238]. IL-17 can increase the expression of 

RANKL and various proinflammatory cytokines, such as TNF-α, IL-1β, IL-6, and GM-CSF [215, 218, 238]. 

RANKL is produced by preosteoblastic/stromal cells, and then it binds to RANK on 

monocytes/macrophages (preosteoclast). This interaction promotes the differentiation of preosteoclasts 

into mature osteoclasts, resulting in the resorption of bone [216, 220, 231]. Conversely, osteoblasts also 

produce a decoy receptor for RANKL called osteoprotegerin (OPG). In RA patients, the RANKL/OPG ratio 

is elevated in the synovial tissue/fluid, resulting in the enhancement of bone damage [221]. There are 

several other mediators that influence bone remodeling, such as osteopontin (OPN), osteocalcin (OCN) 

and insulin-like growth factor (IGF)-1. OPN is an extracellular matrix protein that is expressed in both 

synovial cells and chondrocytes in RA. OPN can interact with osteoclasts and mediate bone resorption 

[239]. OCN is the most abundant non-collagenous protein of bone, and it is an indicator of osteoblastic 

activity [240]. IGF-1 plays a critical role in altering the metabolism of both bone and cartilage tissue.  

IGF-1 can control osteoblast-osteoclast interaction in addition to osteoclast formation [241]. This makes 

IGF-1 a key target for modulating and suppressing bone erosion in RA.  
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Figure 4. Bone homeostasis/remodeling in healthy and RA joints 

Under homeostatic conditions, there is a balance between bone formation and bone resorption. The function of 

osteoblasts and osteoclasts are balanced and properly maintained. This is partly due to the opposing actions of 

Wnt and BMP on osteoblasts, and that of RANKL on osteoclasts. However, under the inflammatory conditions in 

RA, infiltrating macrophages and CD4+ T cells secrete proinflammatory cytokines such as TNF-α, which drive 

osteoclast differentiation via induction of RANKL in the synovium. Moreover, RANKL is expressed on synovial 

fibroblasts and infiltrating T cells. This results in increased bone resorption and joint destruction (Figure from Choi, 

Y. et al., Nat Rev Rheumatol, 2009. 5(10): p. 543-8.)  [242]. (BMP, bone morphogenetic protein; NO, nitric oxide; 

TRAP, tartrate-resistant acid phosphatase) 

2.4 Biomarkers for RA 

There are numerous clinical and laboratory-based biomarkers available for the diagnosis, prognosis, and 

monitoring of treatment for RA [243, 244] (Table 2, 3). Currently, there are 3 composite scores that 

clinicians use in order to determine and monitor the severity of RA. These include the DAS 28, simple 
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disease activity index (SDAI), and clinical disease activity index (CDAI). These evaluations are based on 

different parameters such as the tenderness and swelling of joints, the clinical and patient’s global 

assessment of disease activity, as well as the erythrocyte sedimentation rate (ESR) and/or C-reactive 

protein (CRP) levels [244]. However, due to the subjective nature of some of these parameters [245-

247], a new group of criteria named the multi-biomarkers disease activity test (MBDA) was added. 

MBDA encompasses several factors such as adhesion molecules (e.g., vascular cell adhesion molecule 1 

(VCAM-1)), matrix metalloproteinases (e.g., MMP1 and MMP2) and VEGF [248]. Two of the main 

prognostic and diagnostic immune biomarkers for RA are RF and ACPA [244, 249]. These are discussed 

below in detail. In addition, a few novel biomarkers have been proposed for the diagnosis of RA, which 

include 14-3-3 eta protein [250], anti-carbamylated proteins (anti-CarP) [251], and mutated citrullinated 

vimentin antibodies (anti-MCV) [252].  

Table 2. Clinical parameters used for the diagnosis and prognosis of RA  

PARAMETERS DAS28 CDAI SDAI MBDA 

Tender joints √ √ √ 
Acute phase 

reactants: CRP, SAA 

Swollen joints √ √ √ 
Adhesion molecules: 

VCAM-1 

Patient global assessment 

of disease activity 
√ √ √ 

Cytokines and related 

proteins: IL-6 and TNF-RI 

Clinician global assessment 

of disease activity 
- √ √ 

Matrix metalloproteinases 

(MMP): MMP-1 and MMP-

2 

ESR or CRP √ - √ 

Human cartilage 

glycoprotein 39, Growth 

factors: EGF and VEGF-A, 

Hormones: leptin and 

resistin  

(Table from Gavrila, B.I. et al., J Med Life, 2016. 9(2): p. 144-8.) [244]. 

As discussed above, RF is an autoantibody that targets the Fc region of antibodies [50, 139], forming 

aggregates called immune complexes (ICs). The ICs can activate the innate immune system and initiate 
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complement (C’) activation, which in turn can cause inflammation in the synovial membrane and 

destruction of cartilage [139].  RF was first described in 1940 by Erik Waaler [253] and since 1987, it has 

been a mainstay RA biomarker [254]. Healthy individuals can express RF, which is polyreactive and 

typically has low-affinity. The opposite is the case in RA, where RF exhibits affinity maturation and 

therefore, greater specificity [255, 256]. The specificity of RF to RA is achieved at higher titers (e.g., IgM 

RF ≥ 50 international units (IU)/ml), and with affinity for IgA isotypes. The high expression of RF and IgA 

isotypes is associated with bone erosion and extra-articular manifestations. Thus, patients that are RF 

positive tend to have exacerbated disease [249, 256-261]. It has been shown that RF can be a useful 

marker for disease development. Analysis of pre-clinical serum samples of RA patients show that RF can 

be detected months to years prior to manifestations of disease [256]. Moreover, these studies 

demonstrated that the risk of developing RA is at its highest when RF and ACPA are present in 

conjunction [256, 262, 263]. Finally, serum RF expression decreases following treatment with 

immunosuppressive agents, but its usefulness in monitoring disease activity and treatment 

responsiveness is rather limited [249, 264, 265]. Another limitation of using RF as a biomarker is that it 

has been found in other autoimmune diseases as well [266-268]. 

ACPAs are autoantibodies to citrullinated proteins, and as described above, RA patients have an 

increased concentration of these post-translationally modified proteins due to smoking, pathogens (P. 

gingivalis), or other environmental factors [36, 40, 66]. Citrullination naturally occurs under homeostatic 

conditions. However, when in excess, it can contribute to RA development [39]. T cells can target the 

newly generated self-epitopes of the citrullinated proteins. Moreover, ACPAs have been shown to 

directly affect osteoclast differentiation, which is an important mechanism for disease progression in RA 

[39, 145]. Furthermore, the formation of immune complexes between ACPAs and citrullinated proteins 

and subsequent complement activation have been shown in RA synovium. This in turn can perpetuate 

the already existing inflammation in the joint, which will exacerbate disease and initiate a vicious cycle 
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[269]. ACPAs as a biomarker for RA are relatively new [270]. They display high disease specificity for RA, 

and approximately 70-90% of RA patients are positive for ACPAs [271, 272]. While ACPAs have high 

specificity for RA, they have been found in some other autoimmune diseases as well [4, 267]. In general, 

ACPAs have a better diagnostic and prognostic value compared to RF. Also, as with RF, patients with 

ACPAs tend to have more severe RA compared to non-ACPAs positive RA [57, 273-275]. In RA, 

citrullination can occur in the joint, and the main protein affected in this process is fibrin [276]. 

However, other proteins can also be targeted, including CII, vimentin, nuclear proteins, and stress 

proteins/HSPs [277-280]. Moreover, it has been shown that citrulline is a critical component of a 

modified protein that determines its antigenicity, as its absence leads to lack of recognition by 

antibodies [270, 281]. Similar to RF, ACPAs can be detectable many years before clinical manifestations 

of RA appear, and in one study these were detected 9 years prior to the onset of RA [256, 259, 262, 263, 

282]. Furthermore, ACPAs sero-conversion can also occur following the onset of RA [283]. While RF 

levels tend to decrease following treatment, that of ACPAs may not. ACPA levels during anti-TNF-α 

treatment are inconsistent [256], and following Infliximab treatment they show no reduction [284]. 

Despite this, treatment with Rituximab and other drugs targeting B cells leads to a reduction in ACPA 

levels [40, 285]. This suggests that ACPA and B cells are tied together.  

Both ACPAs and RF are the mainstay RA biomarkers as evidenced by their specificity and selectivity. 

However, they have inherent limitations. I believe that with the addition of miRNAs, we can bolster the 

effectiveness of these biomarkers and be able to improve the utility of current biomarkers for the 

diagnosis of RA as well as the monitoring of responsiveness to therapy. This will lead to a more effective 

management of the care of RA patients, which in turn would improve their quality of life. 
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Table 3. Current biomarkers used for the prognosis and diagnosis of RA. 

Biomarker Specificity 
(Positivity) 

Prognostic 
value 

A marker to 
monitor 
responsiveness 
to treatment 

Drugs which alter 
the biomarkers 

References 

Rheumatoid 
Factor (RF) 

Found in 60-80% 
of RA patients 

Months to 
years prior to 
clinical 
manifestations 

Yes, but 
reports are 
conflicting 

Infliximab, 
Etanercept, 
Tocilizumab, 
Methotrexate, 
Sulfasalazine 

[249, 256, 
286] 

Anti-
citrullinated 
protein 
antibodies 
(ACPA) 

Found in 70-90% 
of RA patients 

Up to 9 years 
prior to clinical 
manifestations 

Yes, but is 
drug-
dependent 

Rituximab, 
Tocilizumab, 
Methotrexate, 
Sulfasalazine, 
Hydroxychloroquine 

[256, 262, 
263, 272, 
285, 287] 

Anti-
carbamylated 
protein 
antibodies 
(anti-CarP) 

Found in up to 
89% of RA 
patients 

No additive 
predictive 
value 
compared to 
others 

n.d.* n.d.* [251, 288] 

14-3-3 eta 
protein 

Found in up to 
93% of RA 
patients 

Early and more 
severe RA  

Yes Tocilizumab, anti-
TNF therapy 

[250, 289-
292] 

Mutated 
citrullinated 
vimentin 
antibodies 
(anti-MCV) 

Found in up to 
82% of RA 
patients 

Good for more 
severe RA 

Yes Rituximab [293-295] 

*: n.d.-not determined 

2.5 Treatment of RA 

2.5.1 NSAIDs 

Several different therapies are currently on the market for treating RA (Table 4). The most widely used 

class of drugs is the non-steroidal anti-inflammatory drug (NSAID) [6]. The NSAID compounds are 

effective anti-inflammatory and analgesic agents that target and suppress the biosynthesis of 

prostaglandins (PGs) at the level of the cyclooxygenase (COX) enzyme [6]. PGs are lipid-based 

inflammatory mediators that are produced by COX enzymes and can modulate the inflammatory 

process [296]. In RA, the levels of PGs and COX enzymes in the synovial fluid and tissues are found to be 
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increased compared to healthy controls [297]. There are two major isoforms of COX enzymes, COX-1 

and COX-2. While both share approximately 60% homology, COX-1 is constitutively expressed in several 

tissues and functions as a “housekeeping” enzyme for PG synthesis. COX-2 expression is induced by 

inflammatory mediators such as cytokines and bacterial endotoxins [298]. There are several different 

drugs under NSAIDs, including Ibuprofen, Aspirin, and Naproxone. Most NSAIDs will target both COX-1 

and COX-2, which leads to common side-effects such as ulcers and gastrointestinal (GI) bleeding [6, 

299]. Moreover, patients may experience a wide variety of adverse effects of renal, hepatic, and 

cardiovascular toxicity [6]. In the case of the anti-arthritic drug Vioxx, it was withdrawn from the market 

due to RA patients experiencing myocardial infarctions (heart attacks) following the use of this drug. 

However, there are selective COX inhibitors, which only target COX-2 [300]. These drugs include 

Etoricoxib and Celecoxib, and their selectivity tends to reduce the GI side-effects of traditional NSAIDs 

[300], but their use may be associated with potential problems such as myocardial infarction and stroke 

[6].  

2.5.2 Corticosteroids 

Corticosteroids have been used for RA therapy for the past several decades [222]. These compounds 

suppress inflammation by binding to the glucocorticoid receptor (GR), also known as nuclear receptor 

subfamily 3 group C member 1 (NR3C1). This, in turn, will induce the transcription of several genes that 

inhibit multiple inflammatory pathways. These genes include glucocorticoid-induced leucine zipper 

protein (GILZ) and MAP kinase phosphatase-1 (MKP-1); the former inhibits the nuclear factor kappa light 

chain enhancer of activated B cells (NF-κB) and Activator protein 1 (AP-1), while the latter inhibits p38 

MAP kinase [301]. Furthermore, it has been shown that epigenetic modification of histones resulted 

from the use of corticosteroids, subsequently leading to a reduction in inflammation [301]. However, 
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the use of corticosteroids has some drawbacks, including osteoporosis, peptic ulcer, and increased rate 

of infections [302, 303]. 

2.5.3 DMARDs 

The second major class of antirheumatic drugs is the disease-modifying antirheumatic drug (DMARD), 

which includes two categories, chemical and biologic DMARDs [224].  

2.5.3.1 Chemical DMARDs 

One of the “gold standards” for RA treatment is methotrexate (MTX), which is a chemical DMARD. It has 

been shown that MTX can suppress the production of proinflammatory cytokines in addition to altering 

specific MMP levels [304-307]. The augmentation of adenosine levels, which has been corroborated in 

both animal models and humans, is another mechanism by which MTX exerts its anti-inflammatory 

effects [308]. MTX reduces adenosine deaminase in lymphocytes [308], in turn leading to upregulation 

of adenosine synthesis and secretion. Adenosine’s anti-inflammatory properties stem from the 

inhibition of pro-inflammatory cytokine secretion, attenuation of neutrophil trafficking to sites of 

inflammation, induction of M2 macrophage activation, and suppression of Th17 cell differentiation 

coupled with stimulation of Treg differentiation [309]. Adenosine will bind to the A2A receptor, which is 

increased on the surface of lymphocytes in RA patients [309]. The response rate of RA patients to MTX is 

about 50% [310], but its long-term use can lead to severe complications such as liver fibrosis, which in 

some cases may require a liver transplant for its management [7, 8, 311]. 

2.5.3.2 Biologic DMARDs 

The second subclass is the biological DMARD, and the major drugs included here are the monoclonal 

antibodies that target TNF-α (anti-TNF-α) or IL-6 receptor (anti-IL6R). The antibodies will bind to the 

cytokine or cytokine receptor, thereby inhibiting the proinflammatory activity of that cytokine. 
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Currently, anti-TNF-α is the most commonly used drug in RA patients, and it is prescribed either alone or 

in combination with other drugs such as MTX [223, 312]. While anti-TNF-α is widely used, approximately 

10–30% of RA patients do not respond to initial treatment, and over time another 23–46% will lose 

responsiveness to it [313]. In addition, due to the immunosuppressive nature of impeding TNF-α, RA 

patients have an increased risk of recurrent infections [314]. Another biologic, anti-IL6R, is efficacious in 

suppressing RA [315, 316], and it can be useful as a secondary form of therapy for patients not 

responding to other forms of treatment [317]. However, anti-IL6R has similar side-effects as anti-TNF-α 

[318].  

Table 4. Commonly used therapies for the treatment of RA. 

Drug Target Reference 

NSAID Class   

Acetylsalicylic acid (Aspirin) COX1/2 [319] 

Meloxicam (Mobic) COX1/2 [320] 

Celecoxib (Celebrex) COX2 [321] 

Etoricoxib (Arcoxia) COX2 [322] 

Trisalicyliate (Trilisate) COX1/2 [323] 
   

Corticosteroid Class   

Prednisone (Deltasone) Glucocorticoid receptor (NR3C1) [323] 

Triamcinolone (Aristospan) Glucocorticoid receptor (NR3C1) [323] 

Methylprednisolone (Medrol) Glucocorticoid receptor (NR3C1) [323] 
   

Chemical DMARD Class   

Methotrexate ADA, proinflammatory cytokines [305-309] 

Leflunomide (Arava) DHODH, tyrosine kinsases [324] 

Sulfasalazine (Azulfidine) NF-κB, PGE2 [323, 325, 326] 
   

Biological DMARD Class   

Infliximab (Remicade) TNF-α [323] 

Adalimumab (Humira) TNF-α [323] 

Tocilizumab (Actemra) IL-6R [323] 

Tofacitinib (Xeljanz) JAK1/2/3 [327, 328] 

Decernotinib JAK3 [329] 

Baricitinib (Olumiant) JAK1/2 [329] 
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COX: Cyclooxygenase, ADA: Adenosine deaminase, DHODH: Dihydroorotate dehydrogenase, NF-κB: Nuclear factor 

kappa-light-chain-enhancer of activated B cells, PGE2: Prostaglandin E2, TNF-α: Tumor necrosis factor alpha, IL: 

Interleukin, JAK: Janus kinase  

Another subclass of the biological DMARDs are the Janus kinase (JAK) inhibitors (jakinhibs). JAK is a 

signaling molecule associated with the JAK/STAT pathway. This pathway is important for the production 

of multiple pro-inflammatory cytokines that contribute to the inflammatory environment in the joint of 

RA patients [330]. Under normal conditions, there are natural inhibitors that appropriately regulate the 

JAK/STAT pathway, but in RA these are dysfunctional [330]. As a result, there is increased production of 

these cytokines, which cause disease exacerbation. JAK inhibitors are a recent discovery. The first 

jakinhib to be approved by the FDA as an RA therapeutic was tofacitinib in 2012 [331]. Tofacitinib was 

first used to prevent transplant rejection, but it was realized that it can be useful for RA [330]. While it is 

reported to be a JAK3-specific inhibitor, there have been other cases where tofacitinib targets JAK1 and 

JAK2 [327, 328]. More recent jakinhibs are selective such as decernotinib targeting JAK3 and baricitinib 

suppressing JAK1/2 [329]. This selectivity helps improve efficacy, which allows the RA patient to take 

less of the drug, in turn improving compliance [329]. While these new therapies have proven their worth 

in treating RA, they do have side-effects. An increase in opportunistic infections, in particular viral 

infections like herpes zoster, has been associated with the use of jakinhibs [332]. Although there have 

been no malignancies reported, long-term studies are needed to fully evaluate the safety of jakinhibs.  

2.5.4 Natural products 

An increasing number of patients are using natural products to alleviate symptoms of RA, with over 36% 

of adults in the USA turning to complementary and alternative (CAM) therapies [333]. While the above-

mentioned mainstream drugs (NSAIDs, DMARDs, etc.) are extensively prescribed, they have unwanted 

side-effects and are expensive [334]. The utility of natural products in ailments such as cancer [335], 

infectious diseases [336], and autoimmunity [337-341] has been studied extensively. However, the 
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difficulty in fully evaluating the efficacy of these products, in addition to inadequate knowledge about 

their mechanism of action, is one of the reasons for skepticism from both the public and professional 

communities [342, 343]. Tripterygium wilfordii Hook F (TwHF) is a commonly used natural product for 

treating RA in traditional Chinese medicine (TCM), and it also is one of the most extensively studied 

herbs for its efficacy [111]. Curcumin and turmeric are also known to be consumed to relieve RA 

symptoms, and they have been shown to target important pathways in RA [111, 344]. These and several 

other herbs and non-mineral, non-vitamin dietary substances have been tested in RA animal models as 

well as humans [111, 345]. The studies summarized below have yielded the most mechanistic 

information about natural products (Table 5).  

There are multiple pathways by which natural products can reduce RA symptoms. For example, they can 

suppress pro-inflammatory cytokines and chemokines, induce anti-inflammatory mediators (e.g., IL-4, IL-

10), regulate the Th17/Treg balance to a more anti-inflammatory phenotype, and modulate the osteo-

immune cross-talk [17, 346-349]. These effects result in part from the suppression of molecular 

mediators of inflammation such as NF-κB, MAPK, and STAT3 by the bioactive components of plant-

derived or other natural products. Furthermore, natural products can alter the Th17/Treg balance by 

controlling the expression of crucial cytokines (e.g., IL-1β, IL-6, and TGF-β) and important transcription 

factors such as RORγt, IRF-4 (interferon Regulatory Factor 4), STAT3, and Foxp3 [17, 350]. Furthermore, 

through key cytokines (e.g., IL-17) and other factors such as RANKL, natural products can influence the 

osteo-immune cross-talk and bone health [16, 347, 351, 352]. These studies support the effectiveness of 

natural products in RA and how they can serve as potential therapeutic agents either alone or in 

combination with certain mainstream anti-arthritic drugs.  
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2.5.4.1 Immunomodulation of autoimmunity by celastrol 

There have been multiple studies conducted by our laboratory to demonstrate the functional effects, 

both clinical and mechanistic, of cleastrol in controlling arthritis and other autoimmune diseases [16, 17, 

111, 341, 347, 348, 353-359]. These findings relating to the effect of celastrol in AA/EAE are summarized 

below. 

• Celastrol can skew the T cell subset balance from a pro-inflammatory state (Th17) to a 

regulatory state (Treg) inside the diseased joints [17]. 

• Celastrol can modulate the expression of pro-inflammatory cytokines and chemokines resulting 

in the amelioration of arthritis [16, 356].  

• Celastrol suppresses arthritis through the inhibition of the humoral response in arthritic rats 

[16]. 

• Celastrol can inhibit bone erosion by altering the osteo-immune cross-talk and deviating the 

RANKL/osteoprotegerin ratio in favor of antiosteoclastic activity [347]. 

• The miRNA expression profile of arthritic rats is significantly modified following celastrol 

treatment [353]. 

• Microarray analysis revealed several key pathways that are affected by celastrol in exerting its 

anti-arthritic effects [359]. 

• EAE is inhibited in celastrol-treated mice via the suppression of MAPK/SGK1-regulated 

mediators [357]. 
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Table 5. Natural products and their pro-inflammatory targets  

Plant Name 
Bioactive 

Compounds 

Mediators of Inflammation Targeted 

by the Natural Product 
References 

Boswellia serrata Boswellic acids Proinflammatory cytokines, 5-LOX [360, 361] 

Harpagophytum 

procumbens 
Harpagoside, Harpagide COX-2, MAPK, NF-κB, NO [362, 363] 

Rosa canina 
Carotenoids, organic 

acids 
COX-1, COX-2 [364, 365] 

Uncaria tomentosa Mitraphylline 
Pro-inflammatory cytokines, anti-oxidant, 

NF-κB 
[366, 367] 

Urtica dioica 
Flavonoid glycosides, 

terpenoids 
NF-κB, PLA2 [368, 369] 

Zingiber officinale Zingerone, Gingerol COX-2, NF-κB [370, 371] 

Several grains, 

vegetables, fruits 
Quercetin MAPK, NF-κB, PI3K/Akt, JAK3 [372, 373] 

Vitis labrusca Resveratrol MEK-ERK1/2, MAPK, AP-1, NF-κB, Wnt5a [372-374] 

Curcuma longa Curcumin MAPK, NF-κB, RANK, COX, LOX [375, 376] 

Tripterygium wilfordii 

Hook F 
Celastrol, Triptolide COX-2, NF-κB, ERK/Akt, STAT3 

[347, 377-

380] 

(Table modified from Dudics, S., et al., Int J Mol Sci, 2018. 19(9) [111]. 

 

2.6 Animal models of RA 

There are several experimental models used to study RA, such as collagen-induced arthritis (CIA); K/BxN 

mice expressing both the T cell receptor (TCR) transgene KRN and the MHC class II molecule Ag7; and 

adjuvant-induced arthritis (AA).  AA has been used to study RA for decades [381, 382]. It can be induced 

in the Lewis rat (LEW) (RT.1l) via subcutaneous (s.c.) immunization with heat-killed M. tuberculosis 

H37Ra (Mtb) suspended in mineral oil. This is referred to as “Active AA” in contrast to “Passive AA” 

induced by adoptive transfer of T cells from a diseased rat. One of the mechanisms underlying the 

pathogenesis of AA is the T cell response against mycobacterial heat-shock protein 65 (Bhsp65) [383-

385]. It has been hypothesized that since heat-shock proteins (HSP) are highly conserved, the T cells and 



 
 

37 
 

antibodies directed against Bhsp65 cross-react with self hsp65 or other self-ligands in the joint that 

mimic the foreign hsp65 epitopes [386, 387]. 

 

Figure 5. The clinical course of adjuvant arthritis (AA) in the LEW rat. 

LEW rats were immunized s.c. at the base of the tail with heat-killed M. tuberculosis (H37Ra) (Mtb). Following this, 

the rats were scored regularly for clinical signs of arthritis as described under Materials and Methods. There are 4 

phases of the disease that the LEW rat will experience. These phases include incubation, onset, peak and regression. 

Representative photographs of the paws of a normal rat and a rat with severe arthritis on d 18 post immunization 

are shown. 

In AA, the disease manifests as a polyarthritis. The primary sites affected in arthritic rats are the ankles 

and wrists, but smaller joints, such as the interphalangeal joints, can be targeted as well.  Within the 

joints, the main site of inflammation is the synovial membrane, and as the disease progresses, pannus 

formation will occur. A pannus is an invasive growth of synovial tissue. It is characterized by increased 

vascularization of the growing synovial tissue in the joint [388]. Subsequently, the cartilage starts to 

erode and become thin and the bones show signs of resorption, and finally there is ankylosis, or 

immobility of the joint due to fusion of the bones [389]. Signs of inflammation begin to appear on the 

hind paws and fore paws about 8-10 days post immunization with Mtb (Fig. 5). The peak phase of the 

disease is typically 18-20 days post-immunization. Following peak phase, the disease enters a regression 
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phase, when signs of arthritis gradually decrease, but varying degrees of joint damage and deformity 

may persist.  After recovery from AA, rats are partially or completely protected from subsequent re-

induction of AA via Mtb injection. The severity of AA during the course of disease can be graded on a 

scale of 0-4 per paw, and then total arthritic score is derived by adding the grades of all 4 paws. 

The T cells play a vital role in the development of AA. Interestingly, Mtb-immunized rats fail to develop 

AA following removal of the draining lymph node 5 days post-immunization [390]. This indicates that 

there is an important time frame for the priming of pathogenic T cells in the development of AA. In AA, 

the main mediator of immunopathology is the CD4+ T cell. When Mtb-primed lymphocytes are 

adoptively transferred into naïve rats, the recipient rats develop AA, which is referred to as ‘passive’ AA, 

unlike ‘active’ AA induced by Mtb injection described above [391]. Moreover, when CD4+ T cells are 

depleted using an anti-CD4 monoclonal antibody (mAb), disease induction is reduced. These rats remain 

resistant to AA induction following a rechallenge with Mtb after the CD4+ T cell population have 

recovered [392]. The depletion of CD8+ T cells neither affected disease induction nor its severity, 

suggesting that this T cell subset does not have a significant role in the disease process, which is 

primarily mediated by CD4+ T cells. 

There are several cytokines and chemokines that are involved in the development and progression of 

arthritis in RA patients and arthritic rats. Among these cytokines, TNF-α, IL-1β, IL-6, and IL-17 are the 

main drivers of the disease pathology. Studies in AA on the kinetics of cytokine expression have revealed 

that TNF-α, IL-6, and IL-17 are expressed in the draining lymph nodes early after disease onset and 

throughout the peak phase of disease [393, 394]. Moreover, other pro-inflammatory mediators such as 

IL-1β and macrophage inflammatory protein 1α (MIP-1α) are detectable throughout the course of AA. In 

the final stages of the disease, IFNγ, IL-4 and transforming grown factor β (TGF-β) are elevated [393, 

395]. These cytokines will be discussed again in later sections. 
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2.7 MicroRNAs (miRNAs) 

The microRNA (miRNA/miR) was first described in Caenorhabditis elegans in 1993 by the Ambros and 

Ruvkun groups [10, 396, 397]. That miRNA was lin-4, and since then miRNAs have revolutionized the 

field of molecular biology. Both Ambros and Ruvkun were studying the interactions between lin-4 and 

lin-14. They found that lin-4 was not a protein-coding RNA, but indeed a small non-coding RNA [398, 

399], and that lin-14 was post-transcriptionally downregulated by lin-4  that had a complementary 

sequence to the 3’ untranslated region (UTR) of lin-14 [396]. Therefore, they proposed that lin-4 is a 

regulator of lin-14 at a post-transcriptional level [397].  Since then, miRNAs have been discovered in all 

animals tested in addition to several plant species [400-402]. Furthermore, miRNAs have been shown to 

be highly conserved between species [403-405]. Currently, there are at least 2680 known miRNAs in 

humans, 1983 miRNAs in mice, and 763 miRNAs in rats [406]. There are consistently new miRNAs being 

discovered [407] and their roles are being characterized.  

MiRNAs are small, non-coding RNAs that are typically between 19-22 nucleotides (nt) in length [10]. 

Most miRNAs are first transcribed from DNA into a long, primary transcript called primary miRNA (pri-

miRNA) [408, 409]. Thereafter, pri-miRNA is edited by nuclear enzymes into a 70 nt hairpin structure 

called the precursor miRNA (pre-miRNA) [10, 408]. Finally, it will be exported into the cytoplasm and 

processed into its mature form [10, 408]. In many cases, the mature miRNA will bind to the 3’UTR of its 

target gene and suppress its expression [410].  However, there have been reports of miRNAs interacting 

with and exerting their function on other portions of the transcript, including the 5’UTR, coding 

sequences, or promoter regions [411]. Furthermore, it has been shown that under certain conditions, 

miRNAs can induce gene expression instead of inhibiting it [412]. MiRNAs are dynamic mediators of 

several cellular processes. They have been shown to reside in multiple compartments within a cell and 

are quite versatile as one miRNA can target several genes [413, 414]. Similarly, one gene can be 
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regulated my multiple miRNAs. Also, miRNAs are not restricted to the cellular compartments as they 

have also been found in extracellular fluids such as serum [413].  

MiRNAs are crucial for normal animal development in addition to their roles in a variety of biological 

processes [415, 416]. Abnormal expression of miRNAs can lead to the development of several ailments 

including diabetes, cardiovascular disease, and cancer [417, 418]. Details of the biogenesis, function, and 

potential clinical uses of miRNAs are discussed below.  

2.7.1 Biogenesis  

MiRNAs can be generated via canonical or non-canonical pathways (Figure 6) [10]. The biogenesis of 

miRNAs starts with RNA polymerase II/III transcribing the miRNA [410]. Currently, about half of all 

known miRNAs are intragenic and processed mostly from introns, with a few transcripts found in exons 

of protein-coding regions. The remaining miRNAs are transcribed independently of a host gene and have 

their own promoters [407, 417]. In some instances, miRNAs are transcribed as clusters. They tend to 

have similar seed regions, and therefore they are considered families [418]. Also, while certain 

mediators such as NF-kB can affect miRNA transcription [419], long non-coding RNAs (lncRNAs) are 

another key mediator for proper regulation of miRNAs [420]. 

2.7.1.1 Canonical pathway for miRNA biogenesis  

The canonical pathway is the dominant method by which miRNAs are synthesized. In this pathway, the 

miRNA is transcribed into pri-miRNA and then processed into its pre-miRNA form by a microprocessor 

complex consisting of an RNA-binding protein DiGeorge Syndrome Critical Region 8 (DGCR8) and a 

ribonuclease III enzyme, Drosha [421]. DGCR8 will recognize an N6-methyladenylated GGAC and other 

motifs within the pri-miRNA [421], while Drosha cleaves the pri-miRNA duplex at the base of the hairpin 

structure [414]. This process results in a 2-3 nt overhang and the formation of pre-miRNA [422]. 
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Thereafter, pre-miRNA is exported from the nucleus into the cytoplasm via an exportin 5 

(XPO5)/RanGTP complex and subsequently processed by the RNase III endonuclease named Dicer [421, 

423].  Dicer will remove the terminal loop, which results in the mature form of the miRNA in a duplex 

structure [424]. There are 2 varieties of a mature miRNA, the 5p and 3p. The 5p strand will arise from 

the 5’ end of the pre-miRNA hairpin, while the 3p strand comes from the 3’ end. Both the 3p and 5p 

miRNAs can be incorporated into the RNA-induced silencing complex (RISC), which includes Argonaute 

(AGO) family of proteins (AGO1-4 in humans), in an ATP-dependent manner [425]. The selection of 

either 3p or 5p is partially dependent on the thermodynamic stability at the 5’ end of the duplex, or the 

presence of a uracil (U) at position 1 of the 5’ end [426]. In general, if the 5’ end of the duplex has lower 

stability, or there is a U at the 5’ end, it is preferentially incorporated into RISC and is deemed the guide 

strand. The unincorporated strand is called the passenger strand, and it is unwounded and cleaved by 

AGO2 [10]. Following cleavage, the passenger strand will be degraded by various cellular mechanisms, 

which can produce a strong strand bias [410]. MiRNA duplexes, which contain central mismatches or are 

not incorporated into RISC, are unwound and degraded [410].  

2.7.1.2 Non-canonical biogenesis of miRNAs 

Multiple non-canonical pathways are involved in miRNA biogenesis (Fig 6). These pathways use different 

combinations of the components used in the canonical pathway, mainly Drosha, Dicer, Exportin 5, and 

AGO2, and can be grouped into 2 categories, Drosha/DGCR8-independent and Dicer-independent. The 

Drosha/DGCR8-independent pathway produces pre-miRNAs that resemble Dicer substrates. These pre-

miRNAs are dubbed mirtrons, and they are produced from the introns of mRNA during splicing [427, 

428]. Another example is the 7-methylguanosine (m7G)-capped pre-miRNA. These miRNAs are directly 

exported to the cytoplasm via exportin 1, bypassing Drosha cleavage. These miRNAs tend to have a 3p 

bias presumably due to the m7G cap preventing the 5p end from binding to AGO [429]. The miRNAs 



 
 

42 
 

produced from the Dicer-independent pathways are processed from endogenous short hairpin RNA 

(shRNA) transcripts [430]. These pre-miRNAs require AGO to complete their maturation because they 

are insufficient in length to be Dicer substrates [430]. This in turn leads to the entire miRNA duplex to be 

incorporated into RISC, where AGO cuts the 3p strand. The 5p strand is then trimmed leading to the full 

maturation of the miRNA [431].  
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Figure 6. MicroRNA biogenesis and mechanism of action.  

The canonical pathway of miRNA biogenesis starts with the transcription of pri-miRNA. Following this, Drosha and 

DGCR8 cleave the pri-miRNA to produce pre-miRNA. The pre-miRNA is then exported to the cytoplasm via 

Exportin5/RanGTP and subsequently processed by Dicer to produce the mature miRNA duplex. Finally, either the 

5p or 3p strands of the mature miRNA duplex is loaded into the Argonaute (AGO) family of proteins to form a 

miRISC. In the non-canonical pathways, Drosha and DGCR8 cleave the shRNA.  The cleaved product is then 

exported to the cytoplasm via Exportin5/RanGTP. It is are further processed via AGO2-dependent, but Dicer-

independent, cleavage into the mature stage. Mirtrons and 7-methylguanine capped (m7G)-pre-miRNA require 

Dicer to complete their cytoplasmic maturation, but they differ in their nucleocytoplasmic shuttling. Mirtrons are 

exported via Exportin5/RanGTP, while m7G-pre-miRNAs are exported via Exportin1. All pathways ultimately lead 

to a functional miRISC complex. In most cases, translational inhibition is a result of miRISC binding to the target 

mRNA, most likely by interfering with the eIF4F complex. Next, GW182 family proteins bound to Argonaute recruit 

the poly(A)-deadenylases PAN2/3 (poly(A)-nuclease 2/3) and CCR4-NOT (carbon catabolite repressor 4-negative on 

TATA). Deadenylation is initiated by PAN2/3 and the CCR4-NOT complex completes the process, leading to removal 

of the m7G cap on target mRNA by the decapping complex. Decapped mRNA may then undergo 5′−3′ degradation 

via the exoribonuclease XRN1 (Figure from O'Brien, J., et al., Front Endocrinol (Lausanne), 2018. 9: p. 402.) [10]. 

 

2.7.2 MiRNA-mediated regulation of gene suppression 

As stated above, while miRNAs traditionally bind to specific sequences on the 3’UTR of their target gene 

[410], there have been several reports of the miRNA targeting sites in the 5’UTR, coding sequences, and 

certain promoters [432]. The binding of miRNAs to the 3’UTR leads to the induction of translational 

inhibition and/or mRNA decapping and deadenylation [433, 434]. The binding of miRNA to the 5’UTR or 

coding regions has a silencing effect on gene expression [435, 436]. However, more studies are needed 

to fully understand the significance of the miRNA-promoter interaction.  

2.7.2.1 Gene suppression via miRISC   

MiRNAs are not able to work alone due to their size and structure, so they must form complexes with 

different elements in order to effectively suppress the target genes [437]. The miRNA induced-silencing 

complex (miRISC) is a structure that consists of the miRNA guide strand and RISC, which is a multiprotein 

complex including AGO [437]. The specificity of targeting is a result of how complementary the miRNA is 

to the target mRNA, called miRNA response elements (MREs). The degree of this interaction will 
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determine whether the target will undergo AGO2-dependent slicing or miRISC-mediated translational 

inhibition or target the mRNA for decay [438]. A fully complementary miRNA:MRE interaction will 

induce AGO2 endonuclease activity and subsequent mRNA cleavage [438]. However, this will cause 

destabilization of the interaction between AGO and the 3’ end of the miRNA, in turn leading to 

degradation of the miRNA [439, 440].  

In animal cells, a majority of miRNA:MRE interactions are not fully complementary [439]. There is a 

central mismatch in the MRE compared to the miRNA, which prevents AGO2 endonuclease from 

becoming active. Consequently, AGO2 acts more as a mediator to miRNA silencing, similar to that of 

non-endonucleolytic AGO family members (AGO1, 3, and 4 in humans). This mechanism can be further 

corroborated by knocking in a catalytically dead AGO2 and observing how this affects miRNA function. 

Frequently, a functional miRNA:MRE interaction occurs at the 5’ seed region (nucleotides 2–8) [432, 

439], while the 3’ end aids in the stability and specificity of miRNA targeting [411]. 

Most of the miRISC-associated gene suppression occurs in the cytoplasm. However, the transcriptional 

rates and post-transcriptional levels of mRNAs can also be regulated via miRISCs in the nucleus [441-

443]. Furthermore, nuclear-localized miRISC can bind to euchromatin at gene loci being actively 

transcribed [444]. However, more studies need to be done to fully understand how miRNAs exert their 

function in the nucleus.     

2.7.2.2 miRNA-mediated upregulation of gene expression 

While much of the focus is on how miRNAs regulate the expression of genes through suppression, there 

have been multiple reports on miRNA-induced increase in gene expression. For example, in serum-

starved cells, AGO2 and another protein associated with miRNA function, Fragile-x-mental retardation 

related protein 1 (FXR1), were found to be located at AU-rich elements (AREs) of the 3’UTR, initiating 

translation [440]. Moreover, multiple miRNAs have been shown to activate translation during cell-cycle 
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arrest, but then inhibit translation in proliferating cells [440]. Another example of gene upregulation via 

miRNAs is the 5’UTR binding to mRNAs encoding ribosomal proteins during amino acid starvation [445]. 

This suggests that miRNA-mediated gene upregulation can occur under very specific conditions.  

2.7.3 Cellular dynamics of miRNAs 

There are multiple elements that contribute to the dynamic nature of miRNAs. These include 

compartmentalization and shuttling of miRISCs within the cell, and the abundance and availability of 

miRNAs as well as their target mRNAs. In addition, changes in the 3’UTR of the target gene, via 

alternative splicing or polyadenylation, or via RNA-binding proteins can affect the MRE. There is 

widespread evidence that cancer modulates the 3’UTR of several genes, which can affect miRNA binding 

capabilities [446]. Thus, the target mRNA can become either more or less sensitive to miRNA-mediated 

gene regulation [447-449]. While not always the case, miRNA-induced suppression of target mRNA can 

be different between cell types. Moreover, a single miRNA can target tens to hundreds of mRNAs due to 

their small size [450].   

2.7.3.1 Subcellular distribution of miRNAs 

The miRISCs and their target mRNAs have been found in multiple compartments of the cell, including 

the rough endoplasmic reticulum (rER) [451], processing (P)-bodies [452], stress granules (SG) [453], 

early/late endosomes [454], multivesicular bodies (MVB) [455], mitochondria [456, 457], and the 

nucleus [458, 459] (Fig 7). This allows the cell to tightly regulate the expression of certain genes in 

different compartments within the cell. The miRISC-mediated gene suppression is enriched at sites 

where miRISC:mRNA complexes are concentrated, thereby promoting a more effective gene regulation 

when and where the cell needs it most [451]. 
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Figure 7. Proposed model of miRNA localization and function.  

There are numerous locations where miRISCs have been detected. In the nucleus, active transcription sites are 

enriched with miRISCs, where they can interact with DNA in order to affect chromatin states. Moreover, they can 

interact with nascent mRNA to modulate splicing profiles and promote more efficient splicing. MiRISC can interact 

with nuclear messenger ribonucleoprotein (mRNP) to promote its degradation or remain in a miRISC:mRNP 

complex as it is shuttled out of the nucleus. Microtubules shuttle miRISCs throughout the subcellular 
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compartment, or the miRISC can remain diffuse. Within the cytosol, miRISC can associate with polysomes, inhibit 

translation initiation, mediate mRNA decay, or promote translational activation.  MiRISC can inhibit mRNA 

translation on the rER. Furthermore, unbound miRISC can also accumulate on the rER to interact with newly rER-

bound mRNA. Once the miRISC blocks the mRNP translation, it can shuttle to the early/late endosomes to 

complete mRNA deadenylation and decay. MiRISC will either be recycled into the cytosol or shuttled to the 

lysosome for degradation. Free processing bodies are another location where miRISCs congregate in order to exert 

their translational inhibition and mRNA degradation functions. In addition, these processing bodies can act as both 

a storage area or degradation center for miRISCs. Depending on the condition of the cell, miRISC:mRNPs may be 

shuttled to stress granules for storage and/or degradation. The mitochondria is another subcellular location where 

miRISCs can localize and promote translational activation or mRNA translational inhibition and decay. Localization 

of miRISC within the Golgi is likely from vesicles secreted from the early endosome. Moreover, endocytosed 

miRISC may be shuttled to the Golgi or recycled into the cytosol. Lastly, vesicular or vesicle-free miRISC can be 

exocytosed from at least the late endosome into the extracellular milieu to mediate cell-cell communication. 

(Figure modified from O'Brien, J., et al., Front Endocrinol (Lausanne), 2018. 9: p. 402.) [10]. 

 

P-bodies were identified as one of the first locations for miRNA-mediated gene suppression [460]. P-

bodies are cytoplasmic foci depleted of ribosomes [461] and enriched with mRNA-degradation 

machinery [460]. Recently, active miRISCs associated with P-bodies were found to be affiliated with 

SYNE1 (nesprin-1). SYNE1 is a molecule that acts to adhere AGO and other P-body molecules to 

microtubules [461]. Silencing of nesprin-1 activity with mutations and RNAi led to a decrease in both 

miRNA suppression and P-body formation [462]. Conversely, stabilization of microtubules led to 

upregulated translational inhibition, but not mRNA degradation of HIF1A following accumulation in P-

bodies [463]. Microtubule instability is a normal occurrence and may affect miRISC’s ability to effectively 

congregate to sites of nucleation. However, it is not clear as to which degree P-bodies are necessary for 

efficient miRNA-mediated gene suppression. The machinery needed for mRNA degradation exists 

throughout the cytoplasm, and miRNAs can exert their functions in the absence of P-bodies [460].  

Polysomes are a complex of mRNAs and multiple translating ribosomes. They are found freely 

throughout the cytoplasm or bound to the cytoskeleton and organelles, such as the rough endoplasmic 

reticulum (rER). It has been demonstrated that miRISCs complexes are associated with these polysomes, 

and that miRISC:mRNA complexes bound to them lead to an increase in translational inhibition and 
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mRNA degradation [464]. A recent study showed that rER-bound polysomes and miRNAs, AGO2, and 

target mRNAs are intertwined. Moreover, this occurs prior to miRNA translational repression [451]. 

Furthermore, mRNAs bound to rER that are destined for miRNA degradation complete this process 

within endosomes and multivesicular bodies (MVBs). Following this, the miRISC recycles back into the 

cytoplasm [454]. Most importantly, this process is miRNA-dependent, and disruption of proper 

functioning of miRNA resulted in a loss of polysome/miRISC copurification [451, 465]. Furthermore, 

miRNAs can be regulated via circular RNAs (circRNA) [466].   These non-coding RNA molecules can act as 

“miRNA sponges” and prevent the function of miRNAs. Moreover, they are able to shuttle miRNAs 

throughout the cell. Together, these data along with others [10, 467], highlight the elaborate and 

complex nature of miRNA dynamics. There is a crucial balance between MRE-bound and unbound 

states, and this allows miRNAs to function effectively and quickly to changes in the subcellular 

environment.  

2.7.4 Circulating miRNAs 

MiRNAs can be released into and found in extracellular fluids. Extracellular miRNAs can be delivered to 

the target cells and can act in an autocrine, endocrine, or paracrine fashion [468]. These circulating 

miRNAs can be useful biomarkers for several diseases. 

2.7.4.1 miRNAs in biological fluids 

Numerous reports describe circulating miRNAs in many different biological fluids such as serum and 

plasma [469, 470], saliva [471], breast milk [472], cerebrospinal fluid [473], urine [474], tears [475], 

seminal fluid [475] and ovarian follicular fluid [476]. Unlike cellular RNA species, circulating miRNAs are 

robust and can resist degradation at room temperature for up to 4 days, under boiling conditions, and 

following multiple freeze-thaw cycles [470, 477]. It is thought that the entrapment of the mature form 

of the miRNAs in vesicles or their association with proteins aids in increasing the stability of miRNAs in 
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the extracellular milieu [471]. There are two populations of extracellular miRNAs, which either reside 

inside vesicles, such as exosomes and microvesicles [468, 471], or are associated with proteins, like 

AGO2, high-density lipoprotein (HDL), and nucleophosmin 1 (NPM1) [469, 471, 478-482]. A majority of 

circulating miRNAs are associated with AGO2 and not within vesicles [469, 480]. However, it has been 

reported that miRNAs may reside predominantly in exosomes in human serum and saliva [471]. While 

there is some contradiction here, it is important to note that these observations are based on 

measurement of a few select miRNAs in a small set of plasma samples. Hence, the existence of a 

predominant form of miRNA could be due to the miRNA itself, the cell type where it originated from, or 

some additional factors that vary from person to person.  

2.7.4.2 Exosomal secretion and cellular uptake of miRNAs 

Although some miRNAs located in the extracellular fluids are a result of cell injury or death, increasing 

evidence shows that their release into the extracellular fluid is a well-regulated process [479]. Exosomal 

miRNA secretion is attributed to a ceramide-dependent pathway, and the secreted miRNAs exert a 

regulatory effect on the target cells [483]. Another study showed that in endothelial cells, vesicle-free 

miRNAs along with AGO2 can be released via atheroprotective laminar shear stress through the 

activation of vesicle-associated membrane protein 3 (VAMP3) and synaptosomal-associated protein 23 

(SNAP23) [484]. Following this, these miRNAs had a regulatory effect on smooth muscle cells [484]. 

Secretion of miRNAs is also regulated by extracellular signaling molecules such as IL-4 [485]. For 

example, macrophages in response to IL-4 secrete exosomes carrying oncogenic miRNAs, which 

promote the invasiveness of breast cancer [485]. 

Circulating miRNAs can exert biological functions on target cells, therefore acting like intracellular 

signaling molecules. For example, extracellular miR-105 from breast cancer cells targets a tight-junction 

gene in endothelial cells called zonula occludens 1 (ZO-1). The suppression of ZO-1 leads to the 
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breakdown of the barrier, in turn promoting metastasis [486]. Exosomes from umbilical cord cells were 

found to contain miR-21-3p, which promotes the proliferation and migration of fibroblasts, 

angiogenesis, and wound healing [487]. Moreover, extracellular miRNAs have been found to interact 

with and bind to TLRs as ligands, causing internalization and thereby activating downstream signaling 

events such as tumor growth and metastasis [488] and neurodegeneration [489]. These studies 

demonstrate that miRNAs can function as important mediators of cell-cell communication.  

The mechanism by which miRNAs are internalized by the target cells is poorly understood. It is believed 

that vesicle-associated miRNAs enter through an endocytosis fashion, while vesicle-free miRNAs bind to 

specific receptors on the surface [490]. It has been shown that miRNAs can enter cells via 

micropinocytosis and endocytosis [491, 492] through a clathrin-dependent mechanism [491]. 

Furthermore, vesicle-free miRNAs associated with HDL bind to scavenger receptors on the cell surface 

and are subsequently endocytosed [478]. Also, co-culturing of macrophages and hepato-carcinoma cells 

(HCC) resulted in the macrophages transferring miRNAs via direct cell-cell contact and gap junctions 

[493]. Thus, the uptake of extracellular miRNAs by target cells can occur through a variety of 

mechanisms. The precise factors that contribute to the selection of a particular method of uptake need 

to be investigated further. 

2.8 Biomarker and therapeutic applications of miRNAs 

As discussed above, miRNAs can be found in a wide variety of biological fluids [469, 470, 475]. This ease 

of access allows for miRNAs to be used as biomarkers of disease. Circulating miRNAs were first used as 

biomarkers in serum samples from patients with diffuse large B‐cell lymphoma [494]. Since then, several 

studies have reported differentially-expressed miRNAs in multiple diseases [495-501]. Currently, there 

are at least 2680 known miRNAs in humans, 1983 miRNAs in mice, and 763 miRNAs in rats [406]. Recent 

research has revealed single nucleotide polymorphisms (SNPs) of miRNAs, their target genes, and how 
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this could affect miRNA function [502]. This could be another avenue by which miRNAs could act as 

biomarkers at the genetic level. 

While circulating miRNAs are small in size and usually in low abundance, they can be detected by a 

variety of methods [503]. A widely used and highly sensitive method is the quantitative reverse 

transcriptase real-time-(qRT-)PCR, which requires a small amount of RNA sample [504]. However, a 

major shortcoming is that it only quantifies levels of a defined sets of miRNAs (usually <700); hence, it is 

not useful for high-throughput screening. Another commonly used method is microarray analysis. The 

advantage here is the ability to detect large numbers of circulating miRNAs, but a disadvantage is its 

inability to detect novel miRNAs [505]. A relatively newer method for miRNA detection is the NanoString 

nCounter [506]. This platform uses a digital molecular barcoding technology, which allows the user to 

quantify the exact number and type of miRNA in a given biological sample [507]. However, currently this 

technology is only able to detect up to 800 human miRNAs. Given that each method has its own 

strengths and weaknesses, the decision regarding which method to use would be dependent on time, 

resources, and questions one would want to answer.  

There is overwhelming evidence that miRNAs play a role in several human diseases. Considering that the 

levels of miRNAs can be modulated, it makes them potentially useful therapeutic targets. Esau et al. 

[508] were the first to demonstrate the use of miRNAs for treating disease. MiR-122 is an abundantly 

expressed miRNA in the liver that plays a role in regulating cholesterol levels. Inhibition of this miR via 

an antisense oligonucleotide led to the decrease in hepatic fatty acid and cholesterol synthesis rates in 

mice with diet-induced obesity [508]. In addition to lipid metabolism, miR-122 is important for hepatitis 

C virus (HCV) RNA accumulation in liver cells [509]. Lanford et al. were the first to show the therapeutic 

potential of modulation of miRNAs in primates [510]. High dose anti-miR-122 led to a significant 

decrease in serum HCV levels [510]. This reduction was due to the involvement of miR-122 in facilitating 
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HCV replication [511]. Fomivirsen (Vitravene) was the first antisense oligonucleotide drug approved by 

the FDA, and it was vital for treating cytomegalovirus (CMV) retinitis [512]. Another previously used drug 

was Ipomersen (Kynamro). This was also an antisense oligonucleotide drug, which targeted 

apolipoprotein-B (apo B) and other lipid metabolism molecules in patients with homozygous familial 

hypercholesterolemia (HoFH) [512]. These studies, and past treatment options, display the potential 

usefulness of miRNAs as therapeutic targets.  

2.8.1 The role of microRNAs in cancer  

Different types of cancer are caused by the uncontrolled and abnormal growth of cells. These cells 

invade healthy tissues and sequester nutrients causing immense damage [513]. As discussed above, 

miRNAs can play a role in a wide variety of cellular processes such as adhesion, proliferation, 

angiogenesis, differentiation and apoptosis [514]. The dysregulation of miRNAs in cancer was first 

described in 2002 by Calin et al. [515], and it was shown that miR-15 and miR-16 are located on 

chromosome 13q14 within a region that is frequently deleted in chronic lymphocytic leukemia (CLL). It is 

now clear that miRNA levels are vastly altered in several cancers, including breast cancer [516], leukemia 

[517, 518], hepatocellular carcinoma [519, 520], prostate cancer [521], ovarian cancer [522], 

glioblastoma [523], and pancreatic cancer [524, 525].  

There is a class of miRNAs, oncomiRs, which participate in a variety of cancer-related processes. These 

miRNAs are known to mainly participate in angiogenesis, cell division, and proliferation [514]. There are 

two categories of oncomiRs, ones that drive disease and others that are tumor suppressors. The miRNAs 

including miR-17~92 cluster, miR-10b, miR-21, miR-103, miR-155, miR-221, and miR-520c are 

upregulated in a variety of malignancies [526-528]. Also, miRNAs can be downregulated in cancer 

allowing for oncogenic genes to increase in expression [529, 530]. For example, the miR-200 family, 

which consists of 5 members, namely miR-200a, miR-200b, miR-200c, miR-141 and miR-429, plays an 
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important role in tumor progression and metastasis. Specifically, these miRNAs are crucial in the 

maintenance of a healthy epithelial phenotype [530, 531]. In breast cancer, this cluster of miRNAs is 

dysregulated and decreased in expression, resulting in tumorigenesis [530]. A well-designed study by 

Zhou’s group demonstrated that miR-200a is a critical player in regulating a class III histone deacetylase 

silent information regulator 1 (SIRT1) [532]. SIRT1 functions by deacetylating histones leading to the 

opening of chromatin and allowing genes to be transcribed [533]. It was shown that miR-200a directly 

targets SIRT1, and that SIRT1 participates in a negative feedback loop. Moreover, restoration of miR-

200a or knockdown of SIRT1 halted the transformation of normal epithelial cells [532]. Finally, 

decreased miR-200a levels were observed in breast cancer patient samples [532]. Another study by the 

same group illustrated that miR-200a is a critical factor in the regulation of NF-E2-related factor 2 (Nrf2) 

through targeting Kelch-like ECH-associated protein 1 (Keap1) [534]. Here, restoration of miR-200a via 

treatment of breast cancer cells with a histone deacetylase (HDAC) inhibitor suberoylanilide hydroxamic 

acid (SAHA) suppressed Keap1 expression. This in turn upregulated Nrf2 expression and resulted in the 

inhibition of anchorage-independent growth of breast cancer cells [534].  

MiRNAs can also act as tumor suppressors and are usually downregulated in various malignancies [501, 

526, 527, 535]. These miRNAs regulate the cell cycle, apoptosis, DNA repair, angiogenesis, and 

metastasis [526, 535]. Some of these miRNAs include the let-7 family, miR-15a/16, miR-27b, miR-31, 

miR-125a, miR-125b, miR-126, miR-145, miR-200c [526]. Reintroducing or increasing the levels of these 

miRNAs could make for effective therapies [536-544].  

As described above, there are several malignancies which show a differential expression of multiple 

miRNAs, including these in circulation. These circulating miRNAs can serve as useful biomarkers for 

disease. Notably, not only can miRNAs distinguish between cancerous and healthy tissue, but they also 

help in pointing to the tissue of origin and cancer subtype [545-548]. An example of this is miR-155 in 
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patients with CLL [549]. Currently, the main challenge to use miRNAs as biomarkers is technical along 

with a lack of standardization and consistency between studies [548, 550]. It is hoped that if these issues 

are adequately addressed, miRNA-based assays would be useful as powerful disease-monitoring and 

diagnostic tools in the clinic.  

MiRNAs can target between tens and hundreds of genes simultaneously [450]. This makes them 

attractive targets for therapy. There are multiple approaches to targeting miRNAs, the most common 

being anti-miRNA oligonucleotides (AMOs). AMOs have been widely used in many studies to target 

miRNAs, both in vitro and in vivo [551, 552]. AMOs are single-stranded molecules, which form 

complementary sequences with the target miRNA, thus rendering it dysfunctional [514]. For in vitro use, 

chemical modification of AMOs improves hybridization, in addition to making it more resistant to 

RNAase activity or nuclear degradation [553, 554]. To improve the in vivo the efficacy of AMOs, the 

alteration of protein-binding properties is necessary to delay plasma clearance and to promote their 

uptake into tissues [555, 556]. “MiRNA sponges” are also used to sequester and prevent miRNA 

function. They utilize multiple complementary 3′UTR mRNA sites for the target miRNA, thereby 

interfering with the ability of miRNAs to bind to the target genes [557]. Reintroduction of miRNAs that 

are reduced in disease can reverse the effects and properly restore balance and regulation of the target 

genes [511]. MiRNA ‘mimics’ are double-stranded molecules and they require a delivery vessel for 

proper integration [511]. Currently, there are several miRNAs in pre-clinical and clinical trials [558, 559]. 

Moreover, there is a promising therapeutic for treating HCV which targets and suppresses miR-122 [558, 

559]. For cancer therapy, while there are some miRNA-targeted therapies in development, most RNA 

based drugs are siRNA-based [558].  
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2.8.2 The role of miRNAs in rheumatoid arthritis (RA)  

Unlike in cancer, which has been extensively studied over the past several years, the miRNAs are just 

gaining more attention as major mediators in the disease process in autoimmune diseases [15, 495-

497]. There are sets of specific miRNAs that show association with different autoimmune diseases. For 

example, miR-326 regulates Th17 differentiation in multiple sclerosis (MS) [560]; reduced expression of 

miR-31 in lupus T cells leads to IL-2 deficiency [561]; and certain miRNAs were found to be decreased in 

patients with type 1 diabetes (T1D) compared to healthy controls [562]. The role of miRNAs in RA is 

discussed below in detail.  

 

Table 6. MiRNAs reported in RA by other investigators  

miRNA Tissue or cell lines Changes References 

miR-16 PBMC of RA patients 
and HC and DC 

Increased [563] 

Plasma Increased [564] 

Sera of treatment-
naïve early RA patients 
established treated RA 
patients and HC 

Decreased [565] 

miR-18a TNF-α-stimulated 
RASFs 

Transfection [566] 

miR-19a/b cluster BLP- and LPS-
stimulated RA FLS 

Downregulated [567] 

BLP-activated RA FLS 
 

Transfection 

miR-20a LPS- and BLP-activated 
RA FLS 

Downregulated [568] 

Transfection 

miR-22 FLS Downregulated [569] 

miR-23b Inflammatory lesions of 
RA, OA patients, and 
HC 

Downregulated [570] 

SFMSCs from OA and 
RA patients 

Transfection [571] 

miR-24 RA, SLE, OA, and HC 
plasma 

Increased [572] 
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miR-30a RA and OA synovial 
tissues 

Decreased [573] 

miR-34a Synovial fibroblasts 
from RA and OA 
patients 

Downregulated [574] 

miR-34b RA and HC T cells Overexpressed [575] 

Jurkat cells Transfection 

miR-124a RA and OA FLS Decreased [576] 

RA, OA, and HC 
synovial tissues 

Increased methylation [577] 

miR-125a-5p RA, SLE, OA, and HC 
plasma 

Increased [572] 

miR-125b Blood and serum of HC, 
RA, and other 
rheumatic diseases and 
arthritis patients 

Increased [578] 

miR-132 PBMC of RA patients 
and HC and DC 

Increased [563] 

RA, OA, and HC plasma Decreased [564] 

RA and OA synovial 
fluid and plasma 

- 

miR-133a RA and OA FLS Increased [576] 

miR-142-3p RA and OA FLS Increased 

miR-142-5p RA and OA FLS Increased 

miR-203 SF from RA and OA 
patients 

Increased [579] 

miR-221/222 SF from RA and OA 
patients 

Overexpressed [580] 

miR-223 RA and OA synovial 
fluid and plasma 

Increased [564] 

RA and HC peripheral 
blood CD3+ 
lymphocytes 

Increased [581] 

RA and OA FLS Increased [576] 

RA and HC T cells Increased [575] 

Jurkat cells Transfection 

Sera of treatment-
naïve early RA, 
established treated 
RA patients, and HC 

No change [565] 

RA and OA synovium Increased [582] 

Human PBMC/RASF 
coculture system 

Overexpression 

CIA mouse model Silencing [583] 

miR-323-3p RA and OA SF Overexpressed [580] 

miR-346 LPS-activated RA FLS Increased [584] 

Table 6. continued 
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RA FLS and THP-1 cells 
in response to LPS 

Increased [585] 

miR-363 CD4+ T cells of RA 
patients 

Decreased [586] 

miR-451 RA and HC neutrophils Decreased [587] 

Mice models Overexpression 

HeLa cells Overexpression 

HeLa cells Transfection 

RA FLS Transfection 

RA and HC naïve and 
memory T and Treg 
cells 

Increased [588] 

miR-498 CD4+ T cells of RA 
patients and HC 

Decreased [586] 

(Table modified from Salehi, E., et al., Clin Rheumatol, 2015. 34(4): p. 615-28.) [589]. 

HC: Healthy control, DC: Disease control, BLP: Braun lipoprotein, RA FLS: RA fibroblast-like synoviocytes, SFMSC: 

Mesenchymal stem cells obtained from synovial fluid, OA: Osteoarthritis, SF: synovial fluid 

In RA, there are many miRNAs that are differentially expressed and can be easily detected in biological 

fluids [589] (Table 6). These miRNAs can serve as potential biomarkers, and some of them have already 

been proposed to serve that function [589]. The two most well-known miRNAs in RA are miR-146a and 

miR-155 [563, 590, 591]. MiR-146a has been reported to be upregulated in PBMCs, plasma, Th17 cells, 

and synovium of patients with RA compared to healthy controls [563, 589]. MiR-146a exerts its function 

through the suppression of two molecules, namely TNF receptor-associated factor (TRAF)-6 and IL-1 

receptor-associated kinase 1 (IRAK1) [592, 593]. These molecules serve as important adaptor molecules 

in TLR- and IL-1-signaling pathways, which lead to the production of TNF-α. Hence, it has been 

hypothesized that miR-146a does not act as a negative regulator, but rather a promoter of TNFα 

secretion [563, 586]. MiRNA-146a levels and TNF-α levels are both positively correlated in peripheral 

blood and synovial fluid, and this is a key factor that perpetuates the inflammatory environment of RA 

[586]. Furthermore, in Jurkat T cells, miR-146a overexpression prevented apoptosis [586]. Despite the 

increase in miR-146a in PBMCs of RA patients, the levels of each of TRAF6 and IRAK1 were comparable 

between patients and healthy controls [563]. Moreover, when these genes were suppressed in THP-1 

cells, a monocyte-like cell line, it resulted in a significant suppression of TNF-α production [563]. Also, 

Table 6. continued 
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miR-146a has been shown to be reduced in RA fibroblast-like synoviocytes (FLS), implicating that this 

miRNA may have anti-inflammatory roles [594]. In addition, it has been shown that treatment with miR-

146a mimic can suppress osteoclastogenesis in vivo [595]. When miR-146a mimic was administered to 

mice with collagen-induced arthritis (CIA), the number of tartrate-resistant acid phosphatase (TRAP)-

positive cells (osteoclasts) was decreased [595]. Additionally, other markers for osteoclastogenesis, c‐

Jun, nuclear factor of activated T cells c1 (NF‐ATc1), and PU.1, were decreased [595]. Whereas joint 

destruction was significantly reduced, exogenous miR-146a did not completely ameliorate inflammation. 

While there is no clear consensus on the precise role of miR-146a in RA, it can still serve as a useful 

biomarker and possibly a therapeutic target.  

Aberrant expression of miR-155 in RA is well-documented. Patients with RA have upregulated 

expression of miR-155 in PBMCs, synovial tissue, Th17 cells, and CD14+ monocytes [596-599]. Moreover, 

the levels of miR-155 are positively correlated with those of TNF-α and IL-1β [598, 599]. Clinical markers 

of RA, such as DAS28 scores and levels of CRP and ESR, were also positively correlated [598, 599]. 

Moreover, miR-155 levels were found to be increased in CD19+ B cells from ACPA-positive RA patients 

compared to healthy controls and ACPA-negative patients [596]. Evidence shows that miR-155 

contributes to RA pathology through the increase in the production of pro-inflammatory cytokines and 

chemokines. When miR-155 was transduced into CD14+ macrophages, it upregulated IL-16 and TNF-α 

production [597]. Furthermore, when these transduced cells were co-cultured with RA synovial 

fibroblasts (RASF), they triggered TNF-α secretion, whereas the administration of an anti-miR-155 

antagomir reversed this effect [597]. In addition, miR-155 is known to target and suppress Src homology 

2-containing inositol phosphatase (SHIP) [597]and suppressor of cytokine signaling (SOCS)1 pathway 

[598], which are important regulators of pro-inflammatory cytokine production. Also, when miR-155 

was overexpressed in stimulated B cells from ACPA-positive RA patients, there was a strong increase in 
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IgG production [596]. This phenomenon was suppressed when miR-155 was inhibited [596], indicating 

that this miRNA is critical in regulating antibody production.   

Three other miRNAs of interest in RA are miR-24, miR-124a, and miR-451. MiR-24 is a pro-inflammatory 

mediator and regulates TGF-β1 and Furin [572], which are important in maintaining T cell tolerance. In 

RA, miR-24 is at a higher level compared to osteoarthritis (OA) and lupus [572]. In RA-FLS, miR-124a is 

lower in expression compared to OA [576]. This results in the increase in cyclin-dependent kinase (CDK)-

2 and subsequent secretion of MCP-1 [576]. The upregulation of MCP-1 will increase the proliferation of 

synoviocytes and exacerbate inflammation. MiR-451 in RA neutrophils has been reported to be 

decreased, and this could be attributed to cytokine stimuli [587]. MiR-451 plays a suppressive role in 

neutrophil chemotaxis via targeting the p38 MAPK pathway [587]. Conversely, miR-451 has been found 

to be upregulated in T cells of RA patients treated with MTX, as well as in newly-diagnosed RA patients 

[588]. This implies that miR-451 could be a useful prognostic biomarker.  

Currently, there are challenges in standardization as well as lack of consistency, which hinder using 

miRNAs as biomarkers of RA and other diseases [548, 550]. Moreover, most RNA-based therapies 

currently being developed primarily focus on the use of siRNA as opposed to miRNA. Furthermore, these 

therapeutics are intended to target cancer, with relatively much less effort invested in the treatment of 

autoimmune diseases [558, 559]. Nevertheless, miRNAs are promising biological tools. Presently, 

miRNA-based therapies are under development, and one of these is in phase II clinical trial [558]. The 

roadblocks that must be crossed can be solved easily with new advancements in molecular biology, 

paving the way for increasing application of miRNA therapeutics in RA and other autoimmune diseases.  
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Chapter 3. MATERIALS AND METHODS 

3.1 Induction and evaluation of adjuvant-induced arthritis (AA) in Lewis rats: 

Experiments on animals were conducted following approval from the Institutional Animal Care and Use 

Committee (IACUC) of the University of Maryland School of Medicine, Baltimore (UMB) and the 

Veterans Affairs (VA) Medical Center, Baltimore. A cohort of male Lewis rats (LEW/SsNHsd (RT.1l)) 

(Envigo, Madison, WI, USA), 5–6 weeks old, was subjected to induction of AA via subcutaneous injection 

at the base of the tail with heat-killed M. tuberculosis H37Ra (Mtb) (Becton, Dickinson and Company, 

Sparks, MD, USA) (1.5 mg/rat) suspended in mineral oil (Sigma-Aldrich, St. Louis, MO, USA). (The use of 

male rats was done for consistency purposes following the previous work of our laboratory (lab) and 

other labs.) Following immunization, the onset and progression of arthritis in the paws was assessed 

daily or on alternate days. The onset of arthritis occurs about d 8–10 after Mtb injection, and the 

severity of AA peaks about d 18–19. The period between Mtb injection and onset of arthritis is the 

“Incubation phase”. The grading of arthritis on a scale of 0 to 4 per paw was based on redness and 

swelling as described previously [16]. Moreover, the total arthritic score for a rat is derived by the sum 

of the arthritic scores of all 4 paws. The histological analysis and computed tomographic (CT) imaging of 

hind paws was performed following procedures described elsewhere [16, 17, 600]. CT was performed at 

the Core for Translational Research in Imaging (C-TRIM), UMB. 

3.2 Treatment of arthritic rats with celastrol: 

Celastrol (Calbiochem, Darmstadt, Germany) was dissolved in phosphate-buffered saline (PBS) 

containing 0.1% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO, USA) (PBS-DMSO). This 

celastrol solution (1.0 mg/kg) was then administered to rats via intraperitoneal (i.p.) injection starting at 

the onset of the disease and repeated daily for 3 more days. Thereafter, the treatment group received 
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an injection every other day until the day of euthanization. Control rats were injected with the vehicle 

(PBS-DMSO) instead of celastrol on the corresponding days. 

3.3 Lymph node cell (LNC) culture and total RNA extraction 

We harvested the draining LNCs from different groups of rats, cultured them in vitro, and isolated total 

RNA from them as described below. 

3.3.1 LNC of vehicle-/celastrol -treated rats: 

Arthritic Lewis rats, treated either with the vehicle (PBS-DMSO) or with celastrol in PBS-DMSO 

(=celastrol), were euthanized at the peak phase of AA (d 19 after Mtb injection) and their draining lymph 

nodes (superficial inguinal and popliteal) were collected. These lymph nodes were ground between 

frosted glass slides (Fischer Scientific, Bridgewater, NJ, USA) to extract LNCs, which were then filtered 

through a mesh and washed. These LNCs were then cultured for 24 h at 37 °C in a six-well plate (5.0 × 

106 cells/well) in Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal bovine serum (FBS), 

1% glutamine, 1% penicillin/streptomycin, and 0.1% β-mercaptoethanol, in the presence or absence of 

Mtb sonicate (10 µg/mL) as the antigen. (The latter was prepared by sonicating heat-killed Mtb 

described above and collecting the centrifuged supernatant.) The controls for LNCs cultured with 

antigen were LNCs cultured in medium alone. In order to increase the level of expression of various 

immune mediators (e.g., miRNAs), and thereby to increase the sensitivity of their detection, we 

restimulated the LNCs in vitro. In vitro restimulation of LNCs with antigen is a standard protocol for 

testing various immune mediators during the course of a disease [16, 17]. Furthermore, under the in 

vitro conditions that we have laid out, the naïve T cells or B cells will not be activated.  
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3.3.2 LNC of Incubation-phase rats: 

LNCs of Mtb-immunized rats were harvested during the incubation phase of AA (d 5 after Mtb injection) 

and then cultured in the presence or absence of Mtb sonicate (10 µg/mL) as described above. The LNCs 

cultured in medium alone served as controls for LNCs cultured with antigen. Furthermore, the LNCs of 

Incubation phase rats served as the “baseline” controls for the above-mentioned LNCs of in vivo 

celastrol/vehicle treated rats. 

3.3.3 RNA isolation from LNC of rats: 

Total RNA was extracted from LNCs of each of the above-mentioned groups of rats using miRNeasy mini 

kit (Qiagen, Germantown, MD, USA) following the manufacturer’s protocol. RNA concentration was 

determined spectrophotometrically using the NanoDrop ND-1000 (NanoDrop Technologies/Thermo 

Scientific, Wilmington, DE, USA), and the quality of RNA was determined by checking the ratio of 

260/280 nm and 260/230 nm. RNA integrity number (RIN) was determined using the Bioanalyzer RNA 

6000 Nano Kit (Agilent, Wilmington, NC, USA) following manufacturer’s protocol prior to using that RNA 

for miRNA-microarray analysis. 

3.4 Micro-RNA hybridization and microarray analysis: 

Following the schematic plan laid out in Figure 8, the miRNA expression profile in LNCs of the 3 groups 

of rats (celastrol-/vehicle-treated arthritic rats and Incubation phase rats), each in triplicate, was 

determined using GeneChip™ miRNA 4.0 Array (Affymetrix, Santa Clara, CA, USA). Initially, raw 

microarray data (in CEL files) was pre-processed using the Robust Multi-Array Average (RMA) technique. 

The RMA algorithm was used to conduct background corrections, to normalize the distribution, and to 

summarize probe intensities. Thereafter, principal component analysis (PCA) was performed. The PCA 

covered 85.07% of the variability for the 3 groups of LNCs/rats. Following RMA and PCA, ANOVA analysis 
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was conducted. After adjusting for p-value (≤0.05) and fold change (≥2.0), those miRNA elements that 

met the cut-off values were identified. The microarray platform was composed of miRNA probes from 

multiple species (e.g., rat, mouse, and human). In addition, there were multiple probes of each species 

for a single miRNA (e.g. hsa-miR-125a, mmu-miR-125a, and rno-miR-125a). Therefore, the hybridization 

intensities for all such probes were collectively recorded as “miRNA elements”. In subsequent analysis, 

“miRNA” refers to a given RNA sequence represented by the probes of a single species. 

We then employed Ingenuity Pathway Analysis (IPA) (Qiagen), as well as TargetScan, miRbase, and 

miRNA.org (available online: www.microRNA.org) software, to further analyze our select miRNAs and 

their predicted or experimentally-validated gene targets. Using “Context score”, a score that determines 

how likely it is for a miRNA to bind to a specific gene target, the highest-scoring and most relevant, 

predicted genes for RA targeted by select miRNA were identified. These procedures were conducted on 

both LNCs of in vivo celastrol-treated rats and LNCs of in vitro celastrol-treated cells harvested from 

arthritic rats. Some of our select miRNAs (e.g., miR-27a) that are altered under in vitro settings (i.e., 

LNCs of arthritic rats treated with antigen/celastrol in vitro) were included in our list. This latter testing 

was required because the in vitro exposure of LNCs and other cell types to celastrol is necessary to 

carrying out some of the subsequent validation and mechanistic studies. In the Venn diagram depiction 

(Figure 10C), “uniquely” up-/downregulated miRNAs refers to change in miRNA elements that are 

responsive to only one entity—antigen only or celastrol only—not by both. In order to examine the 

potential biological functions of the select miRNAs, the data was subjected to IPA Core analysis. The 

selected genes were then further grouped into functional categories and plotted as a bar graph (Figure 

11A). We also examined the key miRNA–mRNA interactions using the network mapping tools for gaining 

further insight into how these miRNAs might affect different mediators and pathways in RA. 
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3.5 Testing micro-RNA levels in sera of rats: 

Select miRNAs were tested in the sera of control (naïve) rats, arthritic rats at peak phase of AA, and 

celastrol-treated rats at peak phase of AA, using Multiplex miRNA assays with FirePlex Particle 

Technology (Abcam, Cambridge, MA, USA). Briefly, blood samples were collected from rats at the peak 

phase of the disease. Thereafter, serum was prepared from blood by incubating the samples for 

approximately 25 minutes at 37° C. Following incubation, they were then centrifuged for 10 minutes at 

5000g and sera was separated from blood.  Thereafter, 20 μL of each serum sample was subjected to 

multiplex miRNA assay [601]. The results obtained by Multiplex assay were analyzed using FirePlex 

Analysis Workbench software. The data was presented after normalizing with three endogenous 

normalizers (miR-146a-5p, miR-451-5p and miR-17-5p) selected using the geNorm algorithm. 

3.6 Preparation of transfection reagents:  

MicroRNA (e.g., miR-22-5p, miR-27a-5p, miR-96-5p, and miR-223-3p) mimics, and negative and positive 

controls (Dharmacon, Lafayette, CO, USA) were reconstituted in RNase-, DNase-, Endotoxin-free 

Ultrapure water. Prior to transfection, miR mimics and controls (2.5-5pmol) were suspended in Opti-

MEM (5 µL/100 µL) (Gibco, Gaithersburg, MD, USA) medium. Separately, Lipofectamine 2000 (0.3 

µL/100 µL) (Invitrogen, Carlsbad, CA, USA) was suspended in Opti-MEM medium at the same volume as 

that of the mimic and control. Following this, the two solutions were mixed at a 1:1 ratio and the 

mixture was then placed on a shaker for 15 min at room temperature. 

3.6.1 Analysis of positive control by microscopy and flow cytometry 

Following 6 h of in vitro culture with miRIDIAN miRNA mimic transfection control with Dye547 

(Dharmacon), RAW 264.7 cells and HUVECs were washed twice with PBS and then fixed with 2% 

paraformaldehyde (Affymetrix) for 10 min. Thereafter, cells were again washed twice and stained for 10 

min with DAPI (4′,6-diamidino-2-phenylindole) (Sigma-Aldrich) for 10 min. Cells were then observed 
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under the microscope (Keyence BZ-X710, Itasca, IL). In parallel, the positive control-transfected RAW 

cells and HUVECs were fixed with 2% paraformaldehyde. Thereafter, cells were analyzed by the BD 

FACSCanto II flow cytometer (Becton Dickinson Biosciences, Franklin Lakes, NJ). 

3.6.2 Transfection of cells: 

RAW 264.7 (RAW) cells were a generous gift from Dr. Stefanie Vogel (UMB). RAW cells were seeded in a 

96-well plate at a density of 3.0-4.0 x 104 cells/well in RPMI-1640 medium containing 10% fetal bovine 

serum (FBS), 1% glutamine, 1% penicillin/streptomycin, and 0.1% β-mercaptoethanol. After 70-80% 

confluency was achieved, medium was aspirated and fresh medium with IFN-γ (20 ng/mL) (Peprotech, 

Rocky Hill, NJ, USA) was added. Unstimulated (control) cells had medium replaced without IFN-γ. 

Following 1h of incubation, lipopolysaccharide (LPS) (20 ng/mL), prepared as previously described [602], 

was added to each well for 30 min.  Thereafter, the miRNA transfection reagents, prepared as stated 

above, were added to the appropriate wells and cultured for 24h. Afterwards, total RNA was isolated 

using Trizol (Ambion, Carlsbad, CA, USA) following manufacturer’s protocol, and the quality of RNA was 

determined using the NanoDrop ND-1000 as described above.  

3.6.3 Human umbilical vein endothelial cells (HUVEC): 

Human umbilical vein endothelial cell (HUVEC) line was purchased from the ATCC (American Type 

Culture Collection, Manassas, VA, USA). HUVEC were grown in endothelial cell growth medium (SIG-

211F, Sigma-Aldrich, USA) containing 10% fetal bovine serum. Cells were incubated at 37 °C in a 

humidified atmosphere of 5% CO2 and 95% air. HUVEC were seeded at a density of 2×104 cells per well 

in a 96 well plate. After 18–24 h, cells were transfected with the miRNA transfection reagents, prepared 

as stated above, were added to the appropriate wells and cultured for 24h. Afterwards, total RNA was 

isolated using Trizol (Ambion, Carlsbad, CA, USA) following manufacturer’s protocol, and the quality of 

RNA was determined using the NanoDrop ND-1000 as described above.  
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3.7 MTT assay for cell viability post-miRNA transfection 

RAW 264.7 cells and HUVECs were seeded in 96-well plates at 2.0 x 104/ well 1.0 x 104/well, respectively. 

RAW cells were stimulated with IFN-γ (20 ng/mL) for 1 h and LPS (20 ng/mL) for 30 min, whereas 

HUVECs were not stimulated. Following this, cells were transfected with a miRNA mimic (miR-27a, miR-

96, or miR-223) or negative control for 24 h. Thereafter, MTT (4 Succinate dehydrogenase) powder 

(Molecular Probes, Eugene, OR) (0.5 mg/mL) was dissolved in PBS and added to the wells. The cells were 

then cultured for 4 h at 37°C, and the absorbance was read at 595nm using a plate reader (Biorad). 

3.8 qPCR analysis of miRNA expression: 

Using the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems) and the TaqMan miRNA Assay 

primers (Applied Biosystems), cDNA was produced for each miRNA separately. Thereafter, the cDNA 

samples were processed for qRT-PCR analysis using the TaqMan miRNA Assay primers and TaqMan 

Gene Expression Master Mix (Applied Biosystems). The samples were then analyzed using a StepOne 

Plus qRT-PCR machine (Applied Biosystems). Where necessary, averages of both 2.5pmol and 5pmol 

values were taken. 

3.8.1 qPCR analysis of mRNA expression:  

Primers for qRT-PCR: a majority of qRT-PCR primers are KiCqStart Primers obtained from Sigma. This 

library of primers has been independently verified. The remaining primers were custom made and 

synthesized at Sigma. 

3.9 Endothelial cell-based assays 

3.9.1 Matrigel assay- Endothelial tube formation assay 

A 96-well plate and Matrigel solution were placed in -20°C freezer until cold prior to adding Matrigel 

(Corning, Corning, NY) into the wells. Matrigel 50 µL/well was then carefully added to the wells in order 
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to avoid bubble formation, while still cold, and then placed in a 37°C incubator until HUVECs were 

added. HUVECs (2.0 x 104/well) were treated in 3 different ways prior to addition to Matrigel as follows: 

a) HUVECs were added to an endothelial cell basal medium (Cell Applications Inc, San Diego, CA) 

solution; b) HUVECs were added to the same medium but containing VEGF (20 ng/mL) (Peprotech); c) 

HUVECs were transfected with miRNA mimic (miR-96, miR-27a, or miR-22-5p) or negative control for 30 

min. Thereafter, these HUVECs were added separately to the Matrigel and cultured for 4-6 h, and then 

observed under the microscope for tube formation. 

3.9.2 Endothelial cell invasion assay 

In a similar fashion to the proliferation assay, HUVECs were suspended in endothelial cell media at 2.5 x 

104 cells/well. These cells were then added to a solution with or without VEGF (20 ng/mL). Thereafter, 

the cells were either transfected with a miRNA mimic or negative control, or left untreated for 30 min. 

Following this, the HUVECs were added to the wells of a 16-well plate (CIM plate) (ACEA Biosciences) 

and subjected to analysis using Xcelligence (ACEA Biosciences) as described elsewhere [603, 604]. 

3.10 In vitro osteoclastogenesis and tartrate-resistant acid phosphatase (TRAP) staining 

RAW 264.7 cells were seeded in a 96-well plate at 5,000 cells/well overnight. (Alternatively, cells were 

seeded in chamber slides at 1.0 x 104 cells/chamber.) The following day, cells were cultured with RANKL 

(Peprotech) (50 ng/mL) and transfected with a miRNA mimic (miR-96, miR-27a, or miR-223) or negative 

control (Dharmacon). Following 3 d in culture, media was replaced with fresh media alone or media 

supplemented with RANKL (50 ng/mL). The next day, cells were stained for TRAP using the Acid 

Phosphatase, Leukocyte (TRAP) Kit (Sigma-Aldrich) according to the manufacturer’s protocol. Briefly, all 

reagents were brought up to 37°C prior to addition to the cells. Cells were first washed with distilled (DI) 

water three times and then fixed with fixation buffer for 2 min. Thereafter, cells were washed 3 times 
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and stained with the TRAP solution for 1.5 h. Following this, cells were washed with DI water 3 times, 

dried and observed under the microscope.  
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Chapter 4:  Results 

The experimental design of in vivo testing of miRNA expression profiles is shown in Figure 8. We 

determined the miRNA expression profile of 3 groups of Lewis rats (Mtb-immunized rats in Incubation 

phase of AA, vehicle-treated arthritic rats, and celastrol-treated rats) Incubation phase rats served as the 

“baseline” control, and vehicle-treated rats were compared with celastrol-treated rats (Fig. 9). Lymph 

node cells (LNCs) were harvested and subsequently re-stimulated in the presence or absence of antigen 

(Mtb sonicate) for 24 h. Following this, total RNA was isolated and tested using miRNA-microarray. The 

term “miRNA elements” represents hybridization intensities in microarray against miRNA probes of rat, 

mouse, and human origin. In subsequent analysis, “miRNA” refers to a given RNA sequence represented 

by the probes of a single species. 

 

Figure 8.  An overview of the experimental design of the study (Figure from Dudics, S. et al., Int J Mol Sci, 

2018. 19(8)). [353] 
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Figure 9.  Celastrol controls the progression of AA: (A) Mean scores of arthritic Lewis rats (n=4 per group) 

treated either with celastrol or with the vehicle. Rats were administered celastrol (1 mg/kg) via i.p. injection 

every day for 3 days starting at the onset of AA, followed by injections every other day until euthanization of 

rats on d 19 after Mtb injection. (B) Photographs, (C) computed tomographic (CT) imaging, and (D) histological 

sections of hind paws of vehicle-treated and celastrol-treated rats harvested at peak phase of the disease (d 

19). (P: pannus; JS: joint space; B: bone; C: cartilage). (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). 

[353]. 

 

4.1 LNC miRNA expression profile of Incubation phase rats and vehicle-treated arthritic rats 

The results of miRNA profiles of Incubation phase rats and vehicle-treated arthritic rats are shown as 

principal component analysis (PCA) (Fig. 10A), heat map (Fig 10B), and Venn diagram (Fig. 10C, left-titled 

panels). A total of 903 significantly altered “miRNA elements” were identified in arthritic rats compared 

with Incubation phase rats (Fig. 10C, left-titled panels). Within these, 748 were upregulated, which 

included 159 that were uniquely upregulated by antigen. These miRNA elements were not affected by 

celastrol treatment (described below). The remaining 155 (of 903 elements) were downregulated in 
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arthritic rats. Of these, 112 were uniquely decreased by antigen, implying that these were unaffected by 

celastrol treatment.  

Following extensive analysis by IPA and target prediction software, we selected 27 miRNAs for further 

consideration (Fig. 11A). Out of 27 miRNAs, 18 showed increased expression in disease (Fig. 11B), 

whereas 9 had reduced expression in disease (Fig. 11C). 

4.2 LNC miRNA expression profile of celastrol-treated arthritic rats 

The results of the miRNA expression profile of celastrol-treated rats are shown in heat map (Fig 10A), 

PCA (Fig. 10B), and Venn diagram (Fig. 10C, right-tilted panels). Comparing celastrol-treated and vehicle-

treated arthritic rats, we observed that a total of 1336 miRNA elements were differentially expressed 

between these groups (Fig. 10C, right-tilted panels). Of these, 1231 were downregulated, while 105 

were upregulated in celastrol-treated rats. Of the 1231 downregulated miRNA elements, 632 were 

uniquely downregulated by celastrol, which implies that these were not affected by antigen. Within this 

group, there were 12 that were reduced by antigen and then further downregulated by celastrol.  The 

remaining 587 were increased by antigen, but reduced by celastrol.  Conversely, out of the 105 miRNA 

elements that were upregulated in celastrol-treated rats, 72 were uniquely increased by celastrol such 

that antigen had no significant effect on them. On the other hand, 31 miRNA elements were decreased 

by antigen but subsequently increased by celastrol. The remaining 2 were increased by antigen and then 

further upregulated by celastrol.  
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Figure 10. Analysis of the miRNA expression profile of the Incubation phase (baseline) rats, control (vehicle-

treated) arthritic rats, and celastrol-treated arthritic rats using miRNA-microarray. (A) Heat map of miRNAs 

expressed in LNCs of the above 3 groups of rats (n= 3 per group) as indicated in the figure. We tested LNCs from 

the draining lymph nodes of rats harvested during the incubation phase of the disease (on d 5 after Mtb 

injection), and LNCs from the vehicle-treated or celastrol-treated rats at the peak phase of the disease (on d 19 

post-Mtb immunization). The test LNCs were re-stimulated for 24 h with or without antigen (Mtb sonicate). 

The control LNCs were cultured in medium alone. The miRNAeasy kit (Qiagen) was used to isolate total RNA, 

which then was subjected to hybridization using miRNA 4.0 Affymetrix gene chips. Statistical and 

bioinformatical analyses of the data was performed. A heat map of statistically significant (p≤0.05; fold change 

≤ -2 or ≥ 2) miRNAs was generated and samples were clustered in a hierarchical fashion. Green color indicates 

a decrease in intensity, whereas red color indicates an increase. (B) Principal component analysis (PCA) plot 

depicts the clustering of RNA samples of 3 groups of rats, each tested in triplicates. (C) Venn diagram shows 

the distribution of statistically significant miRNAs whose expression was altered by antigen (Left-tilted panels) 

versus antigen-cum-drug (Right-tilted panels) for the indicated sub-groups. (Figure from Dudics, S. et al., Int J 

Mol Sci, 2018. 19(8)). [353].  

 



 
 

73 
 

The expression profiles of select miRNAs from arthritic rats were then compared with celastrol-treated 

rats (Fig. 11). Three categories were generated for miRNAs affected by celastrol treatment (Fig. 11B-C):  

12 increased in disease, but reduced by celastrol; 38 reduced by celastrol, but unaffected by disease; 

and 2 decreased in disease, but upregulated by celastrol. The relative expression level of those 38 

miRNAs reduced by celastrol, but not affected by the disease are depicted in Fig. 11D. These 38 miRNAs 

might be reduced by the direct effect of celastrol involving mechanisms not related to the disease 

condition. Among these is miR-22, which has two different miRNA types such that Fig. 11A shows miR-

22-5p, whereas Fig. 11D shows miR-22-3p.  

4.3 Functional analysis of specific miRNAs identified following initial screening 

In order to further scrutinize and examine the selected miRNAs, we subjected them to IPA Core analysis. 

This analysis categorizes the miRNAs according to their potential biological functions. Thereafter, the 

selected miRNAs were grouped into functional categories and plotted as a bar graph (Fig. 12A). This 

revealed several distinct functional categories including inflammatory disease, inflammatory response, 

immunological disease, cellular development, connective tissue disorder, and others (Fig. 12B-F). A 

detailed list of these is given in Fig. 13A-B, and additional pathways are shown in Fig. 14A-C. Considering 

that several of the pathways are related to immunological and inflammatory conditions, it is quite likely 

that pathways crucial to RA are influenced by miRNAs induced upon arthritis development.    
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Figure 11.  The differential expression of miRNAs in untreated arthritic rats versus celastrol-treated rats.      

(A) The miRNAs that are differentially expressed in arthritic rats compared to baseline control are shown in 

filled bars. The levels of all filled bars are statistically significant (p<0.05) for at least one of 3 species’ probes 

(mouse, human, rat) in the microarray chip. The respective miRNAs in celastrol-treated rats are shown in 

open bars. Here, an asterisk (*) represents significant down- or up-regulated miRNAs upon celastrol 

treatment compared to disease controls. (B and C) Venn diagrams showing the number of miRNAs that are 

up- or down-regulated in untreated arthritic rats compared with celastrol-treated rats. (D) The miRNAs that 

are uniquely downregulated in celastrol-treated group compared to the untreated group (meaning that they 

are not changed upon disease development) are shown here as a Waterfall plot. (Figure from Dudics, S. et al., 

Int J Mol Sci, 2018. 19(8)). [353] 
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Figure 12.  In silico analysis of miRNAs that are modulated following AA induction. (A) Bar graph indicating the 

number of miRNAs that are predicted to target genes in each category listed on the X-axis. (B-F) Vertical slice 

plots depict the percentage of miRNA-associated molecules and their indicated categories. The details of the 

distribution of miRNAs in different vertical slices and the categories of each plot in Fig. 12B-F are given in Fig. 

13B-F, respectively. (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). [353] 

4.4 The miRNA-mRNA interactions and network mapping 

Using the IPA software, we examined the key miRNA-mRNA interactions using the network mapping tool 

(Fig. 15-18). This analysis was crucial for gaining further insight into how these miRNAs might affect 

different mediators and pathways in RA. The pathways we selected are known to play important roles in 

RA pathogenesis. Interestingly, some of these pathways such as IL-17 signaling and NF-kB signaling, 

which are known to be involved in RA, are also known to serve as targets of celastrol action [17, 605].  
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4.5 miRNA expression in endothelial cells and their functional relevance 

Angiogenesis, the aberrant formation of new blood vessels, is a common occurrence in RA due to 

chronic inflammation [606-608]. In this respect, we also analyzed which miRNAs are important for 

endothelial activation and proliferation. Our network analysis (Fig. 18) revealed that multiple miRNAs 

identified in the LNCs of arthritic rats modulate a variety of inflammatory mediators that affect 

endothelial cell activation/proliferation. Moreover, some of these miRNAs are also altered by celastrol. 

These results indicate that celastrol might also be able to modulate endothelial cell function via these 

miRNAs besides its other anti-inflammatory effects mentioned above. 

Figure 13B-F.  Legend to Fig 12B-F, respectively. 
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Figure 13B-F. Detailed functional categories and percentage of associated miRNAs related to Fig. 12. (Figure from 
Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). [353] 

4.6 Selection of miRNAs as biomarkers of arthritis and therapeutic response 

Following the extensive network analysis, we selected 8 miRNAs based on multiple criteria, namely miR-

22, miR-27a, miR-96, miR-142, miR-223, miR-296, miR-298, and miR-451, which have the potential to be 

key regulators of arthritis. Of these 8 miRNAs, five miRNAs (miR-22, miR-27a, miR-96, miR-142, and miR-

223) were upregulated following disease development, but downregulated with celastrol treatment. 

Another miRNA (miR-451) was increased in disease, but not affected by celastrol treatment. However, 

two other miRNAs (miR-296 and miR-298) were reduced in expression upon disease development. Of 

these, miR-296 was increased, but miR-298 was unaffected by celastrol treatment.  
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Figure 14A-C.   

  

 

Legend to Fig. 14a-c (please see below) 
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Figure 14a-c.  In silico analysis of miRNAs that are altered following arthritis induction. Vertical slice plots depicting 
the percentage of miRNA-associated molecules and their categories are shown. (Figure from Dudics, S. et al., Int J 
Mol Sci, 2018. 19(8)). [353]  

In selecting biomarkers of therapeutic response, we chose 6 of the 8 miRNAs for further analysis. These 

include miR-22, miR-27a, miR-96, miR-142, miR-223, and miR-296. A representative network analysis of 

these and how they affect RA is shown in Figure 15. Here, celastrol is used as a proof-of-concept drug. In 

this setting, we propose that above 6 miRNAs may serve as biomarkers of therapeutic response in RA 

patients. It is possible that another anti-arthritic drug may target a slightly different subset of miRNAs 

than celastrol. However, as our initial selection is based on the disease-related miRNAs, the miRNAs 

targeted by celastrol are anticipated to overlap with those affected by other anti-arthritis drugs.        
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Figure 15.  Network analysis of select miRNAs and the mRNAs targeted by them, as well as their impact on the 

progression of rheumatoid arthritis. (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). [353] 

 

Figure 16.  Network analysis showing the impact of miR-96 on various mediators and pathways involved in the 

pathogenesis of rheumatoid arthritis. The impact of an increase in the level of miR-96 on arthritis is also shown 

here. (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). [353] 
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Figure 17.  Network analysis showing the impact of a decrease in the level of miR-96 on various mediators and 

pathways involved in the pathogenesis of rheumatoid arthritis. (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 

19(8)). [353] 
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Figure 18.  Network analysis of select miRNAs and the mRNAs targeted by them, as well as their impact on the 

proliferation of endothelial cells in inflammatory arthritis. (Figure from Dudics, S. et al., Int J Mol Sci, 2018. 

19(8)). [353] 

4.7 Circulating miRNAs in sera of rats 

Serum samples of control (naïve) rats, arthritic rats at peak phase of AA, and celastrol-treated rats at 

peak phase of AA were tested for the above miRNAs, which were identified based on microarray 

analysis. The levels of miR-142, miR-155, and miR-223 were increased in expression in arthritic versus 

control rats. At the same time, miR-212 showed increased expression when comparing arthritic rats and 
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celastrol-treated rats (Fig. 19). There were other miRNAs that had trends similar to above 4 miRNAs, but 

the difference from the control group was not statistically significant. Another interesting pattern 

observed was the suppression of miR-96, miR-219a2, and miR-298 upon disease development, but an 

upregulation in level following celastrol treatment. However, the difference was not statistically 

significant. 

 

Figure 19.  Testing miRNA levels in sera of rats.  The levels of miRNAs were determined in serum samples 

obtained from normal (naïve) control rats, arthritic rats, and celastrol-treated arthritic rats (n=6 each) using 

Multiplex miRNA assay. The data was presented as mean fluorescence intensity. (*, p< 0.05). (Figure from 

Dudics, S. et al., Int J Mol Sci, 2018. 19(8)). [353] 
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4.8   Experimental validation of gene targets of select miRNAs that influence arthritis-related processes 

of osteoclastogenesis and angiogenesis 

4.8.1 Choice of miRNAs for transfection of cells 

Using the rat AA model, we observed that the levels of 8 miRNAs are significantly increased in the 

draining lymph node cells (LNCs) of arthritic rats [353]. Some of these 8 miRNAs have previously been 

shown to be associated with other experimental models of arthritis as well as RA. However, there is 

barely any information about the role of miR-96, miR-27a, and miR-223 in rat AA model. Among these, 

miR-96 has not yet been tested in any other animal model of RA, so we focused our attention primarily 

on this miRNA, whose study can reveal new therapeutic targets for RA.  

4.8.2 Choice of cells for transfection with miRNAs 

We selected RAW264.7 (RAW) cells and HUVECs for transfection with miRNAs. (a) RAW cells belong to 

the macrophage lineage and LPS-activated RAW cells sub-serve two purposes, first as activated 

macrophages that secrete pro-inflammatory cytokines/chemokines and also can serve as antigen-

presenting cells (APCs); and second, as surrogate precursors of osteoclasts, which in fact are bone-

resident macrophages. LPS-activated RAW cell assay has been used as an in vitro model of 

osteoclastogenesis [609]. We used 3 miRNAs for transfection of RAW cells: miR-96, miR-27a, or miR-223. 

(b) HUVECs belong to the endothelial cell lineage, and VEGF-activated HUVECs sub-serve two purposes, 

first as activated endothelial cells that secrete cytokines/chemokine; and second, these cells can form 

tubes in a Matrigel assay, which is a well-studied in vitro model of angiogenesis [610]. We used miR-96 

for transfection of HUVECs. 
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4.8.3 Determining the influence of increased cellular levels of miRNAs in cells on the expression of 

defined genes as potential targets  

4.8.3.1   RAW cells   

RAW cells were transfected with a mimic of a particular miRNA (e.g., miR-96, miR-27a, or miR-223) using 

lipofectamine 2000. These miRNAs were selected based on extensive bioinformatical analysis. We used 

lipofectamine for the transfection of RAW cells and HUVECs. We optimized the conditions for 

transfection with miR mimics by first testing a positive control miRNA, in this case, a miRNA not 

homologous to mammals and conjugated with a dye (Dye547, Dharmacon). Our results (Fig. 20&21) 

showed successful transfection under conditions of the assay. We further evaluated our transfection 

conditions by examining the effect of miR transfection on cell viability using the MTT assay. The effect of 

the transfection reagents was much less marked on HUVECs than on RAW cells (Fig. 22A-B). 

Nevertheless, the cell viability of negative control versus miRNA mimic was comparable. Additionally, 

using qPCR, the change in the level of miRNA was determined with 24 h after transfection with a specific 

miRNA (Fig. 23A-C). After these optimizations, additional transfection assays were performed, wherein 

24h after transfection, total RNA was isolated, cDNA generated from it, and then mRNA levels of target 

genes analyzed by qPCR. Notably, the expression of several genes was altered, either increased or 

decreased following miRNA transfection (Fig. 24A-C). A summary of these results including changes in 

the expression of various genes compared to negative control, and fold change values compared to 

baseline (unstimulated and non-transfected RAW cells) is given in Table 7.  

Our results revealed multiple genes that are either reduced (direct effect of miRNA) or increased 

(indirect effect of miRNA) following an increase in the level of miRNA after transfection. These genes 

were selected based on reproducibility, intensity of differential expression, and importance in pathways 

crucial for RA. MiRNAs exert their function by binding to the 3’ UTR of their target mRNAs and cause 
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their degradation [10]. This constitutes a “direct” effect. However, we also observed an increase in the 

expression of certain genes following miRNA transfection. Here, we suggest that the miRNA might be 

suppressing a regulator of that gene, thereby leading to its increase in expression. This comprises an 

“indirect” effect. A concise summary of the target genes and their functional role in osteoclastogenesis 

and related processes in arthritis is given below. 
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Figure 20&21: Optimization of transfection conditions.  RAW cells were stimulated with IFN-γ (20 ng/mL) for 1 h 

and LPS (20 ng/mL) for 30 min prior to transfection, whereas HUVECs were untreated. A miRNA with no homology 

to mammals but conjugated with a dye (Dye547, Dharmacon) was used as a positive control for transfection. 

Positive control was added to both RAW cells and HUVECs either without lipofectamine (20A & 21A) or with 

lipofectamine (20B & 21B). Following 4-6 h in culture, RAW cells/HUVECs were fixed and then stained with DAPI 

before examination under a microscope (20A-B & 21A-B). In a parallel experiment, the cells were transfected with 

the positive control miRNA, or suspended with positive control alone, and analyzed via flow cytometry (20C & 

21C). 

 

Figure 22: Determination of cell viability following miRNA transfection.  Stimulated RAW cells (using IFN-γ and 

LPS) (A) and unstimulated HUVECs (B) were either cultured with miRNA transfection reagents or transfected with 

the indicated miRNA mimic. After 24 h, MTT solution was added to the cells and 4 h later, the absorbance was read 

at 595nm.  The data was analyzed statistically using the Student ‘t’ test. 
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Figure 23. MiRNA expression levels in RAW cells following miRNA transfection. RAW cells were stimulated with 

IFN-γ and LPS and then transfected with a specific miRNA mimic as described above. After 24 h of transfection, 

total RNA was isolated and miR-96 (A), miR-27a (B) or miR-223 (C) expression levels were quantified via qPCR. 
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Figure 24. Expression of select genes following transfection with a miRNA mimic. Stimulated RAW cells 

were transfected with miR-96 (A), miR-27a (B), or miR-223 (C) as described above. Following 24 h post-

transfection, total RNA was isolated, cDNA prepared from it, and then select genes analyzed via qPCR. 

 

Table 7. Summary of genes and their expression profile from RAW cells. 

miR-96   

Gene Expression change Fold change 

CXCL3 (X10,000) Decreased 8.357259 

MTOR* Increased 1.034552 

OCN Increased 1.958789 

OPN Decreased 7.083602 

SMAD7* Increased 1.413878 

SOCS3 (x10) Decreased 4.020185 

SOST* Decreased -3.552 
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*: These genes have been experimentally validated via 3’ UTR reporter assays and/or miRNA transfection assays to 
be the targets of that miRNA in studies in cancer 

4.8.3.1.1 Characteristics of potential gene targets of miRNAs in the process of osteoclastogenesis 

(a) miR-96- We demonstrated that miR-96 can affect several genes in RAW cells. The “direct” targets are 

OPN, SOCS3, SOST, and CXCL3, while the “indirect” targets are MTOR, OCN, and SMAD7.   OPN 

(osteopontin) is important in bone remodeling, and its dysregulation has been observed in RA [611]. The 

SOCS3 (suppressor of cytokine signaling 3) gene inhibits cytokine signaling, and in RA it has been shown 

to be an important factor in the inflammation of synoviocytes [612]. SOST (Sclerostin) is another gene 

that has implications in bone homeostasis, and blocking SOST in AA rats results in exacerbated joint 

damage [613]. CXCL3 is a crucial chemokine in the trafficking of monocytes and plays a part in 

angiogenesis, which in turn can affect bone remodeling via increased influx of immune cells and 

nutrients to the site of inflammation [614, 615]. MTOR (mechanistic target of rapamycin) has been 

miR-27a   

Gene Expression change Fold change 

CXCL3 (X50) Increased 10.76598118 

FOXO3a* Increased -2.630955401 

IL23A Decreased 6.722274637 

MMP9* Decreased 0.734076242 

OPG Increased 2.210061801 

OPN Decreased 7.669996102 

SMAD7* Decreased 1.494417628 

STAT6 Decreased -1.156585282 

VEGFA* Decreased 0.328212492 

miR-223   

Gene Expression change Fold change 

CCR5 Increased 14.44535 

FLT1 Decreased 9.572653 

IL12A* Increased 4.819287 

OCN* Increased 4.319284 

Table 7. continued 
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demonstrated to play many roles in RA, including differentiation of pro-inflammatory T cells, fibroblast 

proliferation, and inhibition of Treg development [616]. OCN (osteocalcin) is an important mediator for 

the proper functioning of osteoblasts, and in RA patients, OCN levels were markedly higher compared 

healthy controls [617]. SMAD7 is one of the SMAD family members, and it is important for homeostasis 

of the joint environment as its absence can lead to inflammation [618].  

(b) miR-27a- There were several genes that were differentially expressed following the transfection of 

RAW cells with miR-27a mimic. The genes that were suppressed are OPN, SMAD7, VEGFA, STAT6, 

MMP9, and IL-23a. On the contrary, FOXO3a, OPG, and CXCL3 were upregulated following miR-27a 

transfection. The function of OPN, SMAD7, and CXCL3 in relation to arthritis is described above under 

miR-96 transfection. VEGFA is a well-known growth factor important for the proliferation of endothelial 

cells and angiogenesis as well as osteoblast differentiation [619, 620]. Additionally, VEGFA is a known 

biomarker that shows correlation with the MBDA criteria for diagnosing RA [248], indicating that miR-

27a has some merit as a biomarker. STAT6 has been shown to have potential anti-inflammatory roles in 

RA that are variable in extent as it is heterogeneously expressed in the synovium of RA patients (21). 

MMP9 is a matrix metalloprotease that is a crucial mediator of inflammation, cartilage destruction, and 

the survival of synovial fibroblasts [621]. IL-23a is an important cytokine, which increases both MMP9 

secretion angiogenesis [622]. FOXO3a has been demonstrated to attenuate bone formation via targeting 

and suppressing the Wnt/β-catenin pathway [623]. OPG is an important regulator of RANKL, and it 

inhibits bone erosion [152, 172, 173]. In RA, the RANKL/OPG balance is disturbed leading to bone 

damage [624].  

(c) miRNA-223- We have shown that transfection of RAW cells with miR-223 mimic upregulated several 

genes important for RA pathogenesis. These include IL-12a, CCR5, and OCN. However, FLT1 (Fms related 

tyrosine kinase 1), which is known to influence inflammation in RA by increasing the production of TNF-



 
 

93 
 

α and IL-6, was found to be suppressed [625]. IL-12a is a subunit of the IL-12 cytokine. This cytokine is 

important in the differentiation of Th1 cells and IFN-γ production, which can exacerbate the 

inflammatory environment of the joint [626]. CCR5 (CD195) is a chemokine receptor that plays a key role 

in the trafficking of different immune cells into the joint, and the ligands for CCR5 are upregulated in the 

synovium of RA patients [627]. The role of OCN in RA is described above under miR-96 transfection. 

4.8.3.2 HUVECs    

4.8.3.2.1 Assessing the effect of increased cellular levels of miRNAs in HUVECs on the expression of 

defined genes as potential targets  

Following essentially the same procedure as that used for RAW cells described above, HUVECs were 

transfected with miR-96 and the changes in various genes and miRNA levels were tested by qPCR. The 

results are given in Figure 25A-B and Table 8. The fold change of the expression of the target genes is in 

respect to negative control. Some genes that were differentially expressed in RAW cells were also 

observed to be altered in HUVECs, but there were other genes that were unique to RAW/HUVECs. As 

mentioned above, the genes that are reduced following miR-96 transfection are considered “direct” 

targets, while those that are increased are labeled as “indirect” targets. 
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Figure 25. Modulation of target genes in HUVECs following transfection of miR-96 mimic. HUVEC cells 

were transfected with miR-96 mimic as previously described. Following 24h post-transfection, total RNA 

was isolated and miR-96 levels (A) as well as target genes (B) were analyzed via qPCR. Target gene data 

is plotted as a fold change in respect to negative control.  

Table 8. Summary of the genes and their expression profile from HUVECs 

 

 

 

 

 

 

 

*: These genes have been experimentally validated via 3’ UTR reporter assays and/or miRNA transfection assays to 
be the targets of that miRNA in studies in cancer 
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4.8.3.2.2 Characteristics of potential gene targets of miRNAs in the process of angiogenesis 

In HUVECs, the direct targets are AGTR1, MMP9, NPR1, FOXO3a, STAT3, ICAM, MTOR, TGF-βR1, FOXO1, 

CXCL3, TGF-β, HIF-1α, and IL-6ST. There were no genes that were significantly upregulated in HUVECs. 

AGTR1 (angiotensin II type I receptor) is a receptor for angiotensin II (AngII), which is a potent 

proinflammatory and pro-angiogenic mediator in RA [628]. MMP9 can trigger angiogenesis, and its 

levels are increased in angiogenic lesions [629]. NPR1 (natriuretic peptide receptor-1) has been 

implicated as an important pro-angiogenic factor [630]. FoxO3a regulates angiogenesis, and certain 

compound inhibit angiogenesis by targeting FoxO3a [631]. STAT3 is a crucial signaling molecule that is 

important for the differentiation of Th17 cells [86]. Additionally, it was found to play a major role in 

angiogenesis [632]. ICAM (intercellular adhesion molecule 1) was suggested to promote angiogenesis 

and blocking of ICAM-1 led to suppression of microvessel formation [633]. Similarly, MTOR pathway 

influences angiogenesis, and it is a target of some inhibitors of angiogenesis [634].TGF-β, and its 

receptor TGF-βR1, are well-known factors in anti-inflammatory pathways [635]. Conversely, TGF-β 

signaling has been found to be upregulated in rheumatoid synovium and its blockade does not 

ameliorate arthritis [636]. FOXO1 is an important mediator that promotes the survival of fibroblast-like 

synoviocytes (FLS) in RA, and it also influences angiogenesis [637, 638]. HIF-1α (hypoxia-inducible factor 

1 alpha) is a master switch for angiogenesis and it is found to be upregulated in RA patients [639, 640]. 

IL-6ST is the signal transducer molecule in the IL-6 signaling pathway. IL-6 is a stimulator of angiogenesis 

[641], so a suppression in IL-6 signaling could inhibit this pathway. 

4.9 Influence of celastrol on miRNA-induced gene expression 

We have described above that celastrol can alter the miRNA profile of arthritic rats [353], and that 

celastrol can exhibit its anti-arthritic effects by modulating the expression of multiple genes encoding 

cytokines, chemokines and other mediators of inflammation [17, 356, 357]. We therefore hypothesized 

that celastrol can alter the expression of certain target genes via specific miRNAs. Hence, we analyzed 
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the miRNA expression levels of RAW cells and HUVECs 24 h following transfection with a particular 

miRNA mimic in the presence or absence of celastrol (Fig. 26A-C). In addition, we determined the level 

of mRNA (gene target) expression following miR mimic transfection in the presence or absence of 

celastrol (Figs. 27&28). 

 

Figure 26. MiRNA expression levels in RAW cells and HUVECs following miRNA transfection in the presence of 

celastrol. RAW cells were stimulated with IFN-γ and LPS and then transfected with a specific miRNA mimic as 

described above, in the presence or absence of celastrol. HUVECs were not stimulated. After 24 h of transfection, 

total RNA was isolated from RAW cells and the levels of miR-96 (A) and miR-27a (B) expression levels were 

quantified via qPCR. HUVECs underwent similar analysis for miR-96 (C). 

4.9.1 RAW cells  

miR-96:  We have described above that miR-96 can affect the expression of multiple genes in RAW cells 

(Fig. 24A), and that some of them are “direct” targets (via 3’UTR of the target mRNA), while others are 

“indirect” targets (via altering another gene that regulates this target gene). Here, we have analyzed 

genes whose expression levels are altered following transfection with miR-96 mimic in the presence of 

celastrol (Fig. 27A). The expression of CXCL3 and FSTL1 was reduced, while that of FOXO3a, OPG, OPN, 

and SOST was increased in the presence of celastrol. 
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Figure 27: Effect of celastrol on the modulation of gene expression by a miRNA mimic. Stimulated RAW cells 

were transfected either with miR-96 mimic (A) or miR-27a mimic (B) in the presence or absence of celastrol (300 

nM) and cultured for 24 h. Thereafter, total RNA was isolated from these cells and the gene expression levels were 

determined using qPCR.  
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miR-27a: As discussed above, transfection with miR-27a can alter several genes in RAW cells that are 

important in RA pathogenesis (Fig. 24B). We now show that celastrol can inhibit the expression of IL-

23a, CCR5, and CXCL3 (Fig. 27B).   

4.9.2 HUVECs 

In a similar fashion to the RAW cells, HUVECs were transfected for 24 h with a specific miRNA mimic in 

the presence or absence of celastrol, and the levels of expression of both miRNAs and mRNAs (gene 

targets) in these cells were then determined by qPCR (Fig. 29A-B).  

miR-96: We have demonstrated above that miR-96 mimic was able to suppress multiple genes in 

HUVECs that are important in RA pathogenesis (Fig. 25B). Here, we show that when HUVECs are 

transfected with miR-96 mimic in the presence of celastrol, there is a reversal (upregulation) in the 

pattern of gene expression (Fig. 29A-B). The genes affected by celastrol are IL-6ST, HIF-1α, CyR61, 

CXCL3, TGF-β, FOXO1, TGF-βR1, and MTOR.  

4.10 Network analysis of miRNAs and their target genes in arthritis-related processes 

Following qPCR analysis for gene expression described above (Fig. 22 & Fig. 23B), we examined using 

bioinformatical analysis the likely impact of an increase in the cellular levels of miR-96 on various target 

genes on two of the critical arthritis-related functional pathways, namely osteoclastogenesis and 

angiogenesis. For this purpose, we used the network mapping tool in IPA. Interestingly, an increase in 

the expression of miR-96 caused an increase in both osteoclastogenesis and angiogenesis (Fig. 28A-B). 

As expected, a reduction of miR-96 levels inhibited both of these processes (data not shown). These 

results suggest that miR-96 altered the expression of defined target genes, which in turn affected two of 

the key pathways important for RA pathogenesis.  
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Figure 28:Bioinformatical analysis on the effect miRNA-96 upregulation has on functional pathways. Network 

analysis depicts the effect of upregulation of miR-96 on defined gene targets as well as the functional pathways of 

osteoclastogenesis (A) and angiogenesis (B). 
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4.11 Analyzing the effects of miRNAs on functional aspects of HUVECs and RAW cells 

We have previously shown that our select miRNAs are either predicted or experimentally validated to 

affect genes important for different pathological events in RA. Here, we examined whether these 

miRNAs can affect the function of the cells under study, namely HUVECs and RAW cells.  

4.11.1 HUVECs 

We transfected miR-96 into HUVECs and then monitored them over a defined period of time using 

Xcelligence. We observed an increase in invading HUVECs compared to VEGF-stimulated HUVECs as well 

as HUVECs transfected with a negative control (Fig. 30A). Furthermore, we studied the effects of miR-96 

on tube formation via microscopy (Fig. 30B) and observed that the tubes seemed to be thicker and in 

greater quantity compared to VEGF-stimulated HUVECs as well as negative control-transfected HUVECs.  
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Figure 29: Impact of celastrol on gene expression induced by a miRNA mimic. HUVECs were transfected with miR-

96 mimic in the presence or absence of celastrol (300 nM). After 24 h, total RNA isolated from cells was tested by 

qPCR.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30. Functional analysis of the effects of miR-96 on HUVEC invasion and tube formation. (A) VEGF (20 
ng/mL) was used to stimulate HUVECs, while miR-96 or negative control were transfected into unstimulated 
HUVECs for 30 min prior to addition of these cells to a CIM plate. Thereafter, cells were examined for 13 h using 
the Xcelligence machine and the data was analyzed using the software for invasion potential. (B) In a similar 
fashion, HUVECs were either exposed to VEGF or transfected with miR-96 mimic or negative control. Following 
this, cells were added to Matrigel and cultured for 5 h before analysis under a microscope. 
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4.11.2 RAW cells 

RAW cells were cultured in the presence of RANKL and then transfected with a miRNA mimic (e.g., miR-27a, miR-

96, or miR-223) or negative control. After 5 d of culture, the cells (many of which then differentiated into 

osteoclasts) were stained for TRAP and analyzed microscopically (Fig. 31). While we observed an increase in TRAP-

positive cells compared to negative control, but the outcome was comparable to that of the cells that were 

cultured with RANKL alone. 

 

 

 

 

 

 

Figure 31.  Functional assay for osteoclastogenesis. RAW cells were co-cultured in the presence of RANKL (50 

ng/mL) for 3 d. On d 4, media was replaced with fresh media supplemented with RANKL (50 ng/mL). The following 

day, cells were stained for TRAP, and then observed under a microscope.  
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Chapter 5. Discussion  

RA pathology is an amalgamation of several complex interactions among mediators that influence 

inflammation, angiogenesis, and bone remodeling. MiRNAs are known to regulate a variety of mRNAs, 

and one miRNA can potentially modulate several different mRNAs. The changes in miRNA expression 

following disease development in arthritis can provide valuable insights into the pathogenesis, offer new 

biomarkers of RA, and identify potential therapeutic targets. Hence, we examined the miRNA expression 

profile of arthritic LEW rats using the AA model. This model has extensively been used for decades to 

study the human RA pathology in addition to testing several potential therapeutics [9]. However, there 

is currently little information on the miRNA expression profile of AA rats and on the role they play in AA. 

In this regard, our study is the first in AA that provides comprehensive insights into the miRNAs 

important for arthritis. Furthermore, we administered celastrol to determine how therapeutic 

intervention alters the miRNA profile of arthritic rats. While several studies by others [346, 642, 643] 

and us [16, 17] have unveiled the biochemical and immunological aspects of the anti-inflammatory and 

anti-arthritic properties of celastrol. Our study was the first to report on the miRNA profile of arthritic 

rats following celastrol treatment [353]. 

In this study, we have incorporated miRNA-microarray technology and bioinformatics-based analysis in 

order to fully establish the miRNA expression profile of untreated and celastrol-treated arthritic rats. 

The examination of these miRNA profiles uncovered a set of novel potential biomarkers of arthritis 

progression as well as responsiveness to therapy. Our analysis has shown that 9 specific miRNAs (miR-

22, miR-27a, miR-96, miR-142, miR-212, miR-223, miR-296, miR-298, and miR-451) are potentially 

crucial regulators of arthritis pathogenesis. Of these, 6 miRNAs (miR-22, miR-27a, miR-96, miR-142, miR-

223, and miR-296) are notably altered following celastrol treatment. Moreover, further testing in rat 

sera revealed that miR-142, miR-155, and miR-223 were significantly higher in arthritic rats when 
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compared to normal rats. Furthermore, miR-212 showed upregulated expression when comparing 

arthritic rats to celastrol-treated rats. While changes in miR-96, miR-219a-2, and miR-298 also showed 

an interesting trend, namely a reduction with disease but an increase with celastrol treatment, these 

changes were not statistically significant. Nevertheless, this analysis further emphasizes the significance 

of these miRNAs as circulating biomarkers for both disease development and therapeutic response. We 

propose that alteration of the miRNAs induced by celastrol treatment may be attributable to both 

celastrol directly affecting miRNA expression as well as celastrol indirectly modulating miRNAs by 

reducing inflammation. We postulate that above-mentioned miRNAs, either as a set or individually, 

could be used simultaneously with current biomarkers for improved diagnosis and/or prognosis of 

arthritis, in addition to serving as monitors of responsive to therapeutic intervention.  

A concise summary of the expression of our select miRNAs, their potential targets, and functional effects 

in arthritis are given below:   

miR-22:  It has been shown that this miRNA is an important regulator of FLS. MiR-22 can directly target 

Cyr61 (Cysteine-rich angiogenic inducer 61), which is an important mediator for promotion of FLS 

proliferation, and miR-22 was found to be downregulated in the synoviocytes of RA patients [569]. As a 

result, this led to an increase in Cyr61 expression and upregulation of FLS proliferation. Conversely, in 

the CIA model of RA, miR-22 had an opposite effect. MiR-22 resulted in a reduction in pro-inflammatory 

cytokine levels as well as better suppression of proliferation and higher apoptosis rates of FLS [644]. 

Further studies are required to fully assess the role of miR-22 in arthritis. 

miR-27a:  There are a few reports which detail the role of miR-27a in RA. For example, miR-27a is known 

to directly target follistatin-like protein 1 (FSTL1), an important protein that influences and promotes FLS 

migration and invasion [645]. Also, it suppresses the TLR4/NF-kB pathway. In RA patients, miR-27a is 

downregulated in multiple compartments, including the serum, synovial tissue, and FLS. This implies 
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that this miRNA plays a crucial role in FLS proliferation and RA pathogenesis [645]. In another study, 

miR-27a was found to be reduced in expression in chondrocytes in osteoarthritis. Here, it was able to 

downregulate, albeit indirectly, two critical genes involved in the pathogenesis of osteoarthritis, namely 

insulin-like growth factor binding protein-5 (IGFBP-5) and matrix metalloproteinase-13 (MMP-13) [646]. 

In CIA in rats, miR-27a was able to control arthritis via suppression of peroxisome proliferator activated 

receptor gamma (PPARγ), which also involved a similar set of genes as above [647]. Furthermore, miR-

27a levels were modulated in RA patients following administration of Adalimumab and/or Methotrexate 

[648], suggesting that this miRNA can be used to assess the patient’s responsiveness to therapy. 

Additionally, we observed a decrease in miR-27a levels in the serum of dexamethasone-treated rats 

compared to arthritic controls. 

miR-96: To the best of our understanding, we believe there is no prior report detailing a direct 

association between miR-96 and arthritis. Thus, our study has unveiled miR-96 as a promising candidate 

for further exploration. However, there are a couple reports pointing to the likely mechanism by which 

miR-96 might influence arthritis. For example, miR-96 was found to be significantly reduced in 

chondrogenesis in mice when examining chondroblasts derived from mouse marrow stromal cells [649]. 

In another study, miR-96 was shown to promote osteogenic differentiation in MC3t3-E1 cells derived 

from a mouse osteoblast cell line [650]. This was the result of miR-96-mediated inhibition of heparin-

binding EGF-like growth factor (HBEGF)-epidermal growth factor receptor (EGFR) signaling. Similarly, 

miR-96 was reported to manage gene expression crucial for human mesenchymal stromal cells (hMSCs) 

[651]. 

miR-142:  This miRNA has shown to regulate pathways which lead to enhanced inflammation. In a 

mouse model of osteoarthritis, miR-142 levels were found to be reduced in the cartilage [652]. 

Furthermore, over-expression of miR-142 resulted in inhibition of chondrocyte apoptosis and 
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inflammation in these mice. This was due to the reduction in high mobility group box 1 (HMGB1)-

induced NF-kB signaling. 

miR-212: This miRNA was found to be upregulated in celastrol-treated rats compared with arthritic and 

control rats. Therefore, reduction in the severity of arthritis correlated with an increase in miR-212 in 

serum. This finding is corroborated by the examination of RA sera and synovial tissue. In that study, miR-

212 was downregulated in RA compared to healthy controls [653, 654]. This miRNA suppresses the 

proliferation and activity of FLS by targeting SOX5 (SRY-related HMG-box  5) [654]. 

miR-223:  This miRNA has been demonstrated to be overexpressed in RA patients compared to healthy 

controls [655]. This overexpression led to a decrease in insulin growth factor-1 receptor (IGF-1R), which 

impaired IL-10 activation in RA T cells [575]. This disablement contributes to the imbalance of pro-

inflammatory and anti-inflammatory cytokines, thereby, exacerbating arthritis. Also, in a study in CIA, 

silencing of miR-223 reduced the severity of the disease, indicating a role of this miRNA in disease 

progressions [583]. Conversely, another study in RA showed miR-223 was increased in the synovial 

tissue of RA patients, and this had an inhibitory effect on osteoclastogenesis [582]. Thus, both pro- and 

anti-inflammatory effects of miR-223 have been reported. Further studies are required to resolve these 

contradicting effects of miR-223 in arthritis.  

miR-296:  Following TNF-α stimulation of bone marrow-derived macrophages, miR-296 expression was 

upregulated along with two other miRNAs in our list, namely miR-27a and miR-298 [656].  

miR-298:  As mentioned above, miR-298 expression was reported to be increased following stimulation 

of macrophages with TNF-α [656]. Currently, there is no information about the role of miR-298 in RA, 

and its expression has been shown to be increased in lupus patients compared to controls [657]. 
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miR-451:  Neutrophil chemotaxis is one of the main functions that is under the control of miR-451, and 

the level of this miRNA is reduced in expression in RA patient neutrophils compared to healthy controls 

[587]. This miRNA can directly target copine III (CPNE3) and Ras-related protein Rab-5A (Rab5a), 

consequently suppressing the p38/MAPK pathway. Moreover, the over-expression of miR-451 in 

arthritic mice resulted in a reduction of neutrophil chemotaxis and arthritis severity [587]. Similarly, in 

another study, it was demonstrated that transfection of FLS from RA patients with miR-451 resulted in 

inhibition of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, supporting the anti-arthritic 

effects of this miRNA [658]. Furthermore, this effect of miR-451 was through the inhibition of p38MAPK. 

On the contrary, other reports showed that miR-451 was increased in the RA sera [655] and T cells of RA 

patients. This increase also correlated positively with serum IL-6 and arthritis severity [588].   

With respect to arthritis therapy, only about 60-70% of patients will respond to the biologics such as 

anti-TNF-α and anti-IL6R [659]. The anti-RA therapies will generally take weeks before clinical changes 

are evident. Moreover, there is a need for better biomarkers to monitor patient responsiveness to these 

therapeutics. We have shown that miR-22, miR-27a, miR-96, miR-142, and miR-223 are not only 

upregulated following disease development, but they also are suppressed following celastrol treatment. 

Additionally, miR-296 was reduced upon disease development, but upregulated after celastrol 

treatment. Serum testing revealed 3 miRNAs (miR-142, miR-155, and miR-223) that were increased in 

arthritic rats, and one miRNA (miR-212) which was increased in celastrol-treated rats, when compared 

to arthritic rats. Considering that AA is a commonly used model of RA and that miRNAs are highly 

conserved among species, our results imply that the above-mentioned miRNAs may serve as key 

biomarkers to assess an RA patient’s response to therapy, thereby, indicating the need to switch to a 

different medication, if necessary. We observed disconnect between the miRNA expression profiles of 

LNCs versus sera of arthritic Lewis rats. LNCs are comprised of multiple different cell types. Our results 

represent a composite miRNA profile of LNCs. Apparently, only a few of these miRNAs are detectable in 
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the serum, presumably because these miRNAs reached the level of detection. MiRNAs are known to be 

packaged into microvesicles as well as associate with serum proteins to be shuttled to different tissues 

of the body [468, 660]. The loading of miRNAs into these microvesicles or exosomes is a well-regulated 

process, which can be influenced by the miRNA sequence, the cellular levels of miRNAs, the cell type, 

and the needs of the organism as a whole [660]. Therefore, we were not surprised that the expression 

profile of LNCs was different from that of sera of Lewis rats.   

A practical lesson from our data from LNCs versus sera of arthritic rats is that a particular miRNA (e.g. 

miR-96) can serve as a biomarker for arthritis but only when tested in the LNCs of rats, and possibly 

PBMCs of RA patients (to be tested), but not when tested in the sera. On the other hand, another 

miRNA (e.g., miR-142 or miR-223) can serve as a biomarker for arthritis regardless of the type of 

specimen (LNC/PBMC versus sera) used. This distinction is important to realize when proposing a panel 

of miRNAs for use in RA patients. We found 8 miRs in LNC of AA rats, but only 3 of the 8 were 

statistically significant in serum when compared with normal controls. For the remaining 5 in serum, the 

miRNA levels in AA were similar to that of the Inc phase rats (p>;0.05= NS). However, this does not mean 

these 5 are not functionally valid. One or more of them may still play a role in inflammation-/arthritis-

related processes and may have value as therapeutic targets. In other words, just because these miRNAs 

may not serve as good biomarkers (in terms of distinguishing RA from normal), it does not mean that 

these miRNAs may not be useful for other purposes. 

Using these miRNAs to monitor responsiveness would help cut down on lost time and costs associated 

with therapies that are not efficacious at remedying disease morbidity. Furthermore, one or more of 

these 8 miRNAs that we identified might serve as effective targets for therapy. For example, a mimic of a 

select miRNA can be administered to the patient via a suitable vector. This will lead to an increase in the 

endogenous expression of that miRNA in vivo. In turn, it will suppress the expression of one or more 
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genes encoding a pro-inflammatory mediator(s). On the other hand, a similar method can be utilized for 

an antagomir. This molecule is an antagonist to its corresponding miRNA, and it suppresses the effects 

of the miRNA by inhibiting the miRNA from properly binding to its target mRNA. This will result in an 

increase in the expression of the corresponding target mRNA for an anti-inflammatory cytokine or other 

regulatory proteins.  

Currently, anti-miR-122 is in phase II clinical trials and is being administered via subcutaneous injections 

with the vehicle being a Locked-nucleic acid (LNA) structure [559, 661]. LNAs are modified RNA 

oligomers which are unable to be accessed efficiently, so the complementary sequence for miR-122 can 

be incorporated into this type of vector to increase its stability. MiR-122 was initially found to be a liver-

specific miRNA in tissues taken from mice [662]. It plays a major role in maintaining homeostasis in 

multiple functions of liver cells. It has been shown that miR-122 is critical for the replication of HCV 

[663]. Lanford et al. were the first to show the therapeutic potential of modulation of miRNAs in 

primates [510]. High dose anti-miR-122 led to a significant decrease in serum HCV levels [510]. This 

reduction was due to the involvement of miR-122 in facilitating HCV replication [511]. Following these 

discoveries, Santaris Pharma started to develop an anti-miR-122 therapy. For my purposes, I can utilize 

the same approach, if my miRNA of interest needs to be suppressed in order to reduce arthritis. 

However, if my miRNA of interest needs to be upregulated, I would want to load my miRNA into a 

delivery vehicle, such as a liposome, that is targeted either to a cell type of interest or to the joint. In 

fact, our lab has shown that certain joint-homing peptides can be conjugated to the surface of liposomes 

to direct the cargo (e.g., a drug) contained within them to the joint. Additionally, we delivered drugs and 

anti-inflammatory cytokines to the joint using these liposomes and joint-homing peptides, and observed 

a reduction in arthritis [664]. Therefore, I can load my miRNA of interest into these liposomes and target 

them to the joint for arthritis therapy.  Such liposome-entrapped miRNAs are being tested in certain 

types of cancer, and preclinical studies have shown promising results [665-667]. 
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Our lab has previously demonstrated that celastrol can modulate the expression of several cytokines, 

chemokines, and other mediators of arthritic inflammation [17, 356]. Here, we have shown that select 

miRNAs can either directly suppress a gene or indirectly increase its expression. In this context, to test 

whether celastrol may mediate some of its effects via miRNAs, we transfected RAW cells and HUVECs 

with our miRNA of interest (miR-96 or miR-27a for RAW cells, and miR-96 for HUVECs) in the presence 

or absence of celastrol, and then assessed by qPCR analysis the effects on the expression of a panel of 

target genes. We observed that celastrol can reduce the level of transfected miRNA, which corroborates 

our microarray analysis of LNCs from untreated and celastrol-treated Lewis rats [353]. Additionally, 

celastrol was able to modulate the expression of key genes that were previously shown to be targeted 

by our miRNAs. For example, miR-96 in RAW cells was able to directly target CXCL3, SOST and OPN. The 

expression of these genes was further altered in the presence of celastrol. CXCL3 was further 

suppressed, whereas SOST and OPN were upregulated. Furthermore, FOXO3a, OPG, and FSTL1 were 

differentially expressed under the influence of miRNA mimic and celastrol compared to miRNA mimic 

alone. Both FOXO3a and OPG were upregulated, while FSTL1 (follistatin-like protein 1) was decreased in 

expression. FSTL1 has been found to be upregulated in patients with systemic autoimmune diseases, 

and its expression correlates with disease activity in RA patients [668].  

In a similar fashion to RAW cells, HUVECs were transfected with miR-96 in the presence or absence of 

celastrol. Interestingly, miR-96 suppressed the expression of several genes important for RA 

pathogenesis such as IL-6ST, HIF-1α, CyR61, CXCL3, TGF-β, FOXO1, TGF-βR1, and MTOR. Moreover, 

when HUVECs were transfected in the presence of celastrol, all of the above genes were upregulated in 

their expression. These changes correlated inversely with that of miR-96, whose levels were reduced in 

transfected cells cultured with celastrol.  



 
 

111 
 

Angiogenesis is an intrinsic part of the pathogenic events in arthritis [608, 669, 670]. There are several 

pro-inflammatory cytokines (e.g., TNF-α, IL-1β, IL-6, IL-17, and IL-18) and other inflammatory mediators 

(e.g., C-reactive protein), which activate endothelial cells. Constant activation of these cells leads to 

enhanced expression of leukocyte adhesion molecules and chemokines, resulting in a sustained 

recruitment of leukocytes to the site of inflammation. Also, there are upregulated levels of intracellular 

reactive oxygen species (ROS) and MMPs, which enhance angiogenesis [669, 670]. These new blood 

vessels provide increased blood flow, nutrients, and inflammatory cells to the target site, in this case the 

joints. Furthermore, endothelial dysfunction has not only been reported in RA [606] but also in the rat 

AA model [607]. This further emphasizes the significant role of endothelial cells in arthritis. Hence, a 

comprehensive study on the mediators of endothelial cell activation/proliferation can provide insights 

into the disease process. Moreover, an in-depth analysis can offer vital clues to the molecules/pathways 

targeted by certain anti-arthritic agents that target and inhibit new blood vessel formation in arthritis 

[608].  

Osteoclastogenesis is an integral component of the pathogenic events in RA. Over the past two decades, 

it has become increasingly clear that there is a cross-talk between osteoclasts and the immune system 

[220, 671, 672]. In healthy bone tissue, there are a variety of factors which balance the function of 

osteoclasts and osteoblasts. These include RANKL, OPG, BMP, and WNT [242, 671]. However, in RA, 

there is an increase in several pro-inflammatory cytokines that induce the production of RANKL [671]. IL-

17, TNF-α, and IL-6 can skew the RANKL/OPG balance to a more pro-osteoclastogenesis environment, 

resulting in increased bone erosion [221]. Moreover, upregulated levels of ACPAs can bind to FcRs on 

osteoclasts and increase bone resorption via an increase in IL-8 autocrine pathway [143, 144, 671]. IL-8 

has been shown to be a potent stimulator of osteoclasts [673]. When the IL-8 autocrine loop was 

blocked through IL-8 neutralization, ACPA-mediated osteoclastogenesis was abolished [143]. We have 

previously examined various immune mediators influencing osteoclastogenesis in the AA model, and 
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how celastrol can inhibit bone erosion in arthritic rats [347]. Furthermore, there are certain mainstream 

anti-arthritic drugs (e.g., Tocilizumab, Adalimumab) that can suppress the function of osteoclasts and 

limit bone erosion and associated disability [671]. In this context, identification of novel targets such as 

miRNAs would enlarge the repertoire of therapeutic modalities for the control of bone erosion in RA.  

These miRNAs and others that alter the function of osteoclasts could be targeted to restore optimal 

bone remodeling in RA patients.  

Finally, we optimized functional assays to demonstrate how changes in the levels of these miRNAs in 

RAW cells and HUVECs influence osteoclastogenesis and angiogenesis, respectively. TRAP is an enzyme 

that is regarded as an important cytochemical marker of osteoclasts. Using TRAP staining of RAW cells 

following treatment of these cells with RANKL, we showed the generation of osteoclasts. Similarly, using 

the CIM plates and the Xcelligence program, we examined the effect of miR-96 on tube formation and 

invasion of HUVECs. We observed an increase in invading tubes from the HUVECs transfected with miR 

mimics compared to both negative control and VEGF-stimulated HUVECs.  

We utilized IPA to determine how specific miRNAs, and their target genes could affect the processes of 

osteoclastogenesis and angiogenesis. For example, when miR-96 was upregulated, simulating the 

disease state (AA), it resulted in enhanced osteoclastogenesis. The reverse was observed when miR-96 

was suppressed. Similarly, upregulated miR-96 enhanced angiogenesis.  

We selected these miRNAs based on microarray analysis of LNCs [353]. It is likely that the miRNA profile 

of the synovial tissue might show some differences from that of LNCs. This in turn would instruct which 

miRNA panel to use as disease biomarkers or to monitor therapeutic response, if synovial tissue 

specimens are used as a reference instead of LNCs. Thus, the miRNA panel may need fine-tuning, 

depending on the type of specimen (e.g., PBMC, serum, synovial tissue) used to test for miRNAs in RA 
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patients in the near future. Future in vivo experiments in the AA model are required to truly show that 

our select miRNAs play an important role in RA pathogenesis. 
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6. SUMMARY AND CONCLUSION 

To summarize, we were the first group to comprehensively determine the miRNA expression profile of 

arthritic Lewis rats in the AA model. Following extensive bioinformatical analysis, we identified nine 

miRNAs (miR-22, miR-27a, miR-96, miR-142, miR-212, miR-223, miR-296, miR-298, and miR-451) that 

are differentially expressed in diseased rats compared to the Incubation-phase rats (baseline). Among 

these, seven (miR-22, miR-27a, miR-96, miR-142, miR-212, miR-223, and miR-451) were upregulated in 

disease while two (miR-296 and miR-298) were downregulated. These miRNAs were predicted to play a 

critical role in RA pathogenesis by targeting a variety of key genes and pathways associated with 

inflammation such as T helper cell differentiation, endothelial cell proliferation, bone remodeling, and 

NF-kB signaling. Furthermore, treatment of arthritic rats with celastrol, a triterpenoid derived from the 

traditional Chinese herb celastrus, modulated the expression of six (miR-22, miR-27a, miR-96, miR-142, 

miR-223, and miR-296) of the nine miRNAs. This suggests that a subset of my select miRNAs could serve 

as useful biomarkers for monitoring responsiveness to celastrol therapy.  

Further studies of a select few miRNAs were conducted in in vitro models of arthritis-related processes, 

namely angiogenesis and osteoclastogenesis. RAW cells (for osteoclastogenesis) and HUVECs (for 

angiogenesis) were transfected with a miRNA mimic (e.g., miR-96, miR-27a, miR-223 RAW cells; miR-96 

HUVECs) and a panel of target genes were analyzed via qPCR. Following this, multiple target genes 

associated with osteoclastogenesis (OPN, OCN, MMP9, SOST, OPG) and angiogenesis (AGTR1, CyR61, 

NPR1, ICAM) were found to be altered in expression. Interestingly, some of these genes were 

upregulated in expression following transfection. We believe this could be due to the miRNA targeting a 

negative regulator of the gene, in turn allowing the expression of that gene to be increased. 

Additionally, another miRNA (outside the scope of our analysis) could be affecting the expression of 

those genes. Furthermore, RAW cells and HUVECs were transfected in the presence of celastrol to 

assess its ability to modulate transfected miRNA levels and function. Celastrol not only reduced the level 



 
 

115 
 

of transfected miRNA, but also reversed the expression of several miRNA-targeted genes, indicating that 

celastrol could, at least in part, exert its anti-arthritic benefits through regulating miRNAs.  

Finally, the effect of miR-96 on the functional aspects of HUVECs was tested. HUVECs were transfected 

with miR-96 mimic, and then plated in wells containing Matrigel. The HUVECs were cultured and tube 

formation was observed under the microscope. Compared to both the positive control (VEGF-stimulated 

HUVECs) and negative control, HUVECs transfected with miR-96 mimic induced higher tube formation. 

Additionally, following similar methodology, HUVECs were transfected with miR-96 mimic and subjected 

to an invasion assay using the Xcelligence equipment. Following this analysis, HUVECs transfected with 

miR-96 had a higher cell index than both positive and negative controls. This indicates that the 

transfected HUVECs had better invasion. Also, RAW cells were successfully differentiated into 

osteoclasts following culture with RANKL. This was evident by TRAP staining of the cells. This assay is 

used to assess the effect of miRNA mimic/antagonist on its targets and subsequent cellular function. 

In conclusion, I have demonstrated that miRNAs have the potential to serve as potent biomarkers for 

both diagnostic and therapeutic monitoring purposes. The miRNA expression profiles of both diseased 

rats and celastrol-treated rats were statistically different when compared to the respective baseline 

controls. Additionally, some of my select miRNAs in lymphoid cells were also detectable in the sera. 

Furthermore, a few of my select miRNAs modulate the expression of key genes important for critical 

processes in RA. These miRNAs and their gene targets were further altered in the presence of celastrol. 

This suggests that my miRNAs can serve as direct therapeutic targets for the treatment of RA. 
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7. FUTURE DIRECTIONS 

This project has promising future extensions. In that regard, there are a few key experiments that can be 

undertaken to make this project more robust. First, investigating the mechanistic details in more depth 

on how my select miRNAs affect the functions of the RAW cells and HUVECs is important. In order to 

accomplish this, one would need to select a few “direct targets” of my miRNAs and validate the 

interaction via 3’UTR luciferase vectors. These experiments will provide definitive proof that my miRNA 

directly targets the gene. Next, one would need to conduct western blots on the protein levels of the 

target genes as an extra measure of evidence that my miRNA not only targets but also reduces the 

protein levels. This will corroborate my qPCR findings. While I have analyzed the expression levels of my 

predicted target genes, some additional experiments are required to increase the sample size and/or to 

assess statistical significance of a few findings, such as miRNA targets and functional assays 

(angiogenesis and osteoclastogenesis) in particular. Also, one should test the levels of other important 

genes and proteins in the signaling pathway involving my target genes to measure how their expression 

is affected by select miRNAs. This will allow one to determine at what step in the pathway that 

particular miRNA is intervening. Finally, using a combination of miRNA transfection, antagomiRs, and 

siRNAs targeting the gene of interest, will create a multi-layered approach to demonstrate that my 

miRNA indeed targets a specific gene of interest. This gene is important for a certain signaling pathway, 

which in turn affects the function of the RAW cells and HUVECs.  In addition, my lab has previously 

analyzed the mRNA expression levels in the same model of arthritic rats used in this project. Therefore, 

one could utilize this extensively studied data to examine which genes are differentially expressed and 

at what intensity. Using the genes that were decreased in expression following disease induction, in 

combination with a literature review, one can determine if any of my select miRNAs are known to target 

the genes that were downregulated in disease. This would be beneficial as these data are ready to be 

further studied. 
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Another crucial experiment that would help to further advance the project would be toassess how my 

miRNAs can alter arthritis in vivo in the AA model. One would administer either a miRNA mimic (agomiR) 

or antagonist (antagomir) to rats at defined intervals after disease induction in accordance with previous 

literature on similar in vivo miRNA therapy in other disease models. If the selected miRNA has the ability 

to suppress arthritic signs, the next step would be to analyze the draining LNCs and sera for levels of 

proinflammatory mediators (e.g., cytokines and chemokines) and immune cells (e.g., Treg/Th17). 

Moreover, one would analyze the miRNA profile in these compartments to investigate if my miRNA of 

interest is modulated following the administration of the mimic or antagonist. Similar experiments could 

be conducted on synovium-infiltrating cells (SICs) from arthritic joints. This will allow one to compare 

the results of miRNA expression in the target organ (the joint) versus the periphery.  

Finally, it would be important to compare the results I obtained from my AA model to that of RA 

patients. Considering that the composition of PBMCs of RA patients is somewhat equivalent, though not 

entirely, to that of the LNCs of arthritic rats, I believe these are comparable compartments to test in 

parallel with the serum of RA patients. Additionally, I will evaluate the disconnect, if any, in the miRNA 

profile of PBMC versus sera of RA patients. This testing would reveal if they are the same miRNAs that 

show a disconnect as those in Lewis rats. This is an important question that needs to be addressed. 

These miRNA levels will then be correlated with disease severity of RA (e.g., DAS28 scoring) and defined 

biomarkers of inflammation such as RF and ACPA levels. This will give insight into how useful the 

miRNAs are as diagnostic biomarkers, and if they are better than the current ones. Also, it would be 

helpful the interrelationship between the levels of specific miRNAs and the extent of bone damage in 

the joints of RA patients as assessed by X-ray and MRI/CT. This will further enhance the value of my 

miRNAs as biomarkers as opposed to comparing the miRNAs to clinical scoring and biomarkers. Finally, I 

used celastrol as a therapeutic agent in our experiments to test whether the miRNAs could sense a 

reduction in disease severity, and thereby therapeutic response. One could conduct a similar analysis on 
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the PBMCs and sera of RA patients but using currently prescribed drugs (e.g., methotrexate or 

Rituximab). While celastrol is an effective anti-arthritic therapy, it is not clinically relevant at this time.  
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