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1 Introduction 

1.1 Cartilage 

Cartilage is a resilient and smooth connective tissue found at different parts of the 

body like the ears, nose, epiglottis, invertebral discs and in the joints. There are 

three different types of cartilage; elastic, fibrous, and hyaline cartilage. They differ 

in their composition and organization of the extracellular matrix (ECM) 

components and have consequently different functions. Fibrous cartilage for 

instance, found in the invertebral disc and meniscus, is rich in type I collagen 

(COL1) and has low content of the proteoglycan aggrecan (ACAN). Articular 

cartilage (AC) which is a type of hyaline cartilage, on the other hand is rich in type 

II collagen (COL2A1) and ACAN, and is found covering bone surfaces in the 

joints
1
. This thesis is focused on AC. 

1.1.1 Articular Cartilage 

AC is the tissue that allows us to move painlessly, its main function is to ensure 

almost frictionless movements in the joints together with the synovial fluid. It also 

absorbs and distributes the mechanical load the joint is exposed to. Articular 

cartilage is a tissue devoid of blood and nerve supply, and relies on diffusion to 

obtain nutrients from the synovial fluid in the joint cavity. Being avascular tissue 

presents also another challenge for the tissue; once injured recovery is very slow if 

not impossible. Articular cartilage is also hypocellular (contains few number of 

cells). The cells residing in the tissue are called articular chondrocytes (ACs) and 

make up about 2% of the total cartilage volume in human adults
2
. Articular 

cartilage is approximately 2-2.5 mm thick (with variation across the different 

joints)
2,3

 and consist mainly of water, collagens, proteoglycans, 

glycosaminoglycans (GAGs) and smaller amounts of glycoproteins and non-

collagenous molecules
1,4

. 
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Articular Cartilage is organized into four zones based on functional and structural 

differences: the superficial zone (SZ), the middle zone (MZ), the deep zone (DZ), 

and the calcified zone (CZ)
5
 (Figure 1). 

 

 

The SZ faces the articular cavity and is bathed in synovial fluid. The chondrocytes 

and ECM here are arranged differently compared to the other zones (Figure 1). 

The chondrocytes are flattened, aligned in parallel to the surface and synthesize 

lubricin (proteoglycan 4) which is a key protein providing cartilage with the 

frictionless articulation property. Lubricin is also synthesized by synovial cells. 

Chondrocytes here also synthesize thin collagen fibrils that run parallel to each 

other and to the articular surface. The content of ACAN is lowest here. The SZ 

provides the highest tensile properties found in AC
5,6

 giving it the ability to 

Figure 1. Schematic representation of the general structure of human articular cartilage. 

The different zones and the organization of ECM across the zones are shown.  

Figure adopted with permission from "Composition and Structure of Articular Cartilage". 

Poole et. al, Clinical orthopaedics and related research, 1, 26-33,(2001). 
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withstand shear and compressive forces during articulation. Moreover, the fibril 

associated protein decorin and the proteoglycan biglycan are most concentrated in 

the SZ. The MZ has a lower cell density and more typical morphological 

properties of hyaline cartilage with more rounded cells and extensive ECM rich in 

ACAN. The collagen fibrils have larger diameter and are arranged randomly. 

Below the MZ is the DZ which has the highest ACAN content and fibril diameter 

are maximal here. Finally the CZ being partly calcified provides a buffer with 

intermediate mechanical properties of the uncalcified cartilage and the subchondral 

bone. The chondrocytes here express a hypertrophic phenotype, synthesizing the 

hypertrophic marker type X collagen and calcify the extracellular matrix
5
. 

Articular cartilage by dry weight is 2/3 collagen
7
. The collagen exists as fibrils and 

assemble into large fibers that consist mainly of type II collagen fibrils 
1
. Type II 

collagen fibril is a heteropolymer with type IX collagen covalently linked to and 

decorates the surface, and type XI collagen that forms the filamentous template of 

the fibril as a whole
7
. This extensive cross-linked collagen network and its varied 

organization across the tissue gives articular cartilage the tensile strength to 

withstand mechanical share stress. It also provides a scaffold for other ECM 

molecules to be incorporated. ACAN on the other hand gives cartilage its load 

bearing property by creating a hydrated gel structure through its interaction with 

hyaluronan (hyaluronic acid), other GAGs and link protein.  

GAGs are strongly negatively charged which would draw positively charged ions 

(cations) like NA
+
 to the tissue resulting in water influx. This creates a high 

osmotic pressure that makes cartilage withstand compressive forces. 

In summary collagens and ACAN with its associated GAGs provide cartilage with 

its unique biological properties. Collagens give cartilage its tensile strength, while 

ACAN ensures the compressive resistance ability of cartilage, together allowing 

motility and load bearing of the joints. 
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1.2 Cartilage injuries and their treatment 

Damage to this highly specialized tissue would damage its key molecules and 

would most likely results in cartilage loss. Considering the tissue's low healing 

capacity due to it being avascular, aneural and hypocelluar with low turnover, 

injuries can result in proteolytic damage of collagens, cartilage loss and ultimately 

osteoarthritis in some cases. Therefore ensuring cartilage homeostasis and integrity 

is the best preventive approach to osteoarthritis. However understanding the 

molecular mechanisms behind homeostasis and proteolytic destruction would 

provide means of possible treatments once injury occurs. 

The majority of cartilage injuries are a result of direct mechanical trauma to the 

cartilage or progressive degeneration as seen in osteoarthritis (OA) subsequent to a 

previous injury
8
. Sports injuries account for most of the cartilage lesions seen in 

patients undergoing knee arthroscopy
9–12

. Focal cartilage lesions are painful, will 

enlarge over time and in many cases contribute to OA
8
. OA is a multifactorial 

disease of the whole joint. It leads to degradation of the articular cartilage exposing 

the subchondral bones that would rub against each other during movements, 

leaving the patient with excruciating pain. This also leads to inflammation, 

swelling and stiffness of the joint. More about OA will be described in chapter 1.3.  

The most common cell-based treatment strategy for focal cartilage injuries is 

autologous chondrocyte implantation (ACI). Treatment with ACI was first 

published in 1994
13

, and since then it has been widely used (Figure 2).

A small healthy cartilage biopsy from a non-weight bearing area of the patient's 

knee is taken, cut to pieces and subjected to enzyme treatment to release the cells 

from the ECM. The cells are then expanded in culture to obtain a sufficient 

number to be used for implantation. The cells are then injected into the lesion 

under a periosteal flap
13

 or collagenous membrane
14

. 

Expanding chondrocytes ex vivo as shown in (Figure 2a) implies culturing cells in 

monolayer (flasks) which does not resemble the three dimensional milieu in vivo. 

This results in dedifferentiation of chondrocytes over time, making the cells lose 

their distinguished markers of articular cartilage; COL2A1 and ACAN. Instead the 
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cells synthesize COL1 and versican component of fibrous cartilage
15,16

. Thus the 

transplanted partly dedifferentiated ACs can yield a heterogeneous mixture of 

fibrous and articular cartilage
17

. This repair strategy is certainly not perfect, 

however many patients report pain relief and improved functionality post treatment. 

Therefore this treatment is still offered today, and might be the best option for 

many. 

Nevertheless the obstacle of dedifferentiating cells needs to be overcome, as the 

transplanted cells do not have the desired unique mechanical properties of hyaline 

cartilage. 

Another surgical treatment that has been used for articular cartilage repair in 

athletes is microfracture. The development and implantation of this technique 

Figure 2. ACI  a) Schematic illustration of classical ACI procedure. Figure adopted with 

permission from "Treatment of Deep Cartilage Defects in the Knee with Autologous Chondrocyte 

Transplantation". Brittberg et. al, N Engl J Med, 331, 889-895 (1994). 

 b-d) Life images taken during ACI procedure . Taken by Asbjørn Årøen and Tommy A. Karlsen. 
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started in the 1980s
18

. The surgical goal is to make microfractures in the 

subchondral bone to allow blood supply carrying marrow-progenitor cells and 

growth factors to penetrate into the cartilage lesion and stimulate healing. A 

marrow clot is formed at the prepared chondral lesion. The progenitor cells 

differentiate into chondrocyte like cells and produce a cartilaginous repair tissue 

that fills the chondral lesion
19

. This treatment has been shown to be effective for 

treating full thickness chondral and degenerative lesions. It is also cost effective, 

technically not complicated and leaves the patient with options for further 

treatment. However some reports also showed that the clot converts to fibrous 

tissue giving the tissue the stiff features of fibrous cartilage rather than hyaline 

cartilage
20

. 

Ultimately the repaired tissue needs to be as similar as possible to native articular 

cartilage and to be integrated in the lesion. However if the joint is still inflamed the 

probability of cartilage degradation by matrix degrading enzymes is high (more on 

inflammation in section 1.3.3). I therefore believe that the optimal treatment 

approach whether it be cell therapy, tissue engineering, or a drug, it needs to have 

the ability to target several obstacles simultaneously. A treatment agent that can 

help cartilage heal its lesion by stimulating anabolic processes ensuring new 

cartilage synthesis, and inhibiting inflammation to eliminate catabolic processes 

from degrading the newly formed cartilage, would be most effective. This thesis is 

therefore dedicated to a candidate (miR-140) of high potential that would meet the 

aforementioned requirements. More about microRNAs and miR-140 is found in 

chapter 1.4. 
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1.3 Osteoarthritis 

OA is a degenerative joint disease characterized by cartilage breakdown, formation 

of bony outgrowths at the joint margin (osteophytes), subchondral bone sclerosis, 

alterations to the joint capsule and inflammation of the synovial membrane
21,22

. 

1.3.1 Epidemiology 

OA is the most common degenerative joint disease. OA reduces the life quality 

and disables about 10-13% of adults in western countries, consequently leading to 

a huge economic burden on the society as a whole
23

. Globally about 240 million 

people are affected by OA
24

. In the United States about 30 million people are 

affected by OA, which has increased from 21 million in 1990 and 27 million in 

2005
25

.  An estimation of 1 million hip and knee replacements are carried out in 

the US each year
26

. The overall economic burden of OA in the States is estimated 

to $140 billion annually
27

. While in Norway the prevalence of OA is about 12.8%, 

and 6905 knee replacement operations were performed in 2018
28,29

. OA is more 

prevalent in females (13%) than in males (10%) and the severity of the disease is 

higher in females than in males, particularly for females ≥55 years (after 

menopause)
23,30,31

. 

The global prevalence of hip and knee OA (KOA) is increasing, an estimate of 67 

million adults aged 18 years and older will have doctor-diagnosed arthritis, 

compared with the 52.5 million adults in 2010-2012
24

. 

1.3.2 Risk factors 

Osteoarthritis is a complex disease constituting an intricate interplay between 

mechanical, cellular, and biomechanical factors leading to end-stage pathology
32

. 

Several risk factors have been associated with the disease such as age, trauma, 

obesity, genetics and other joint pathologies. These factors will be discussed 

briefly, however the thesis is mainly focused on inflammation being a major 

contributor associated with cartilage destruction and OA perpetuation. 
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Age: The mechanisms behind the increased risk of OA due to age are not well 

characterized. However suggested possible causes like sarcopenia and joint laxity 

may affect joint function and predispose the joint to injury
33,34

. 

Also the fact that today we live long lives increases the period of time where our 

bodies are subjected to wear and tear damage that is natural and inevitable, and 

hence increase the risk of OA. 

 

Incidence of hand, hip, and knee OA increase with age, particularly after the age of 

50 years
32,35,36

 and about 14% of adults ≥ 25 years have symptomatic OA of at 

least one joint while 34% of adults ≥65 have OA
37

. 

 

Gender: Females are more susceptible to OA and to have a more severe OA 

compared to men as previously introduced. A role for sex hormones has therefore 

been suggested. It is been observed that lower levels of endogenous sex hormones 

were associated with increased knee effusion-synovitis, only in women and not in 

men with symptomatic OA
38

. The observation that the prevalence and severity of 

the disease increase after the age of 55 in women suggest a protective role of sex 

hormones
30

 (probably estrogen mainly). 

 

Genetics: At the minimum 30% of the risk associated with OA is genetically 

related, where the genetic factors are stronger for hand and hip OA compared to 

knee OA
39,40

. Family and twin studies suggest that the effect of genetic factors is 

40% for knee OA, 60% for hip OA, 65% for hand OA, and 70% for spine OA. 

This means that the susceptibility to OA can partly be explained by genetic 

factors
41

. Some studies suggested loci linked to OA in chromosome 2q and 11q, 

and an increased risk of hand OA is associated with the presence of some HLA-

variants HLA-B35,-B40, -DQ1 and -CW4
42,43

. A review by Warner et al. 

highlighted the main findings from genome wide associated studies (GWAS) and 

reported that a total of 21 independent susceptibility loci for OA have been 

identified
39

. The genetic factors' landscape is indeed complex as genes may operate 

differently between genders, different populations, at different body sites, and on 
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different disease features within body sites
34

. In this review
39

 it was reported that 

one of the identified loci was a region on chromosome 7q22; a SNP within the 

ALDH1A2 gene that was linked with hand OA in European population
44

 but not in 

Asian populations. The same SNP has now been linked to KOA risk in a Chinese 

sample study
45

. Similarly two SNPs on a region of HLA locus on chromosome 6p 

were associated with KOA in a Japanese population, but not in Han Chinese or 

European populations
34,39

. 

 

Obesity: Obesity has long been one of the most important risk factors for both the 

incidence and the progression of OA at weight bearing joints such as the knee and 

the hip, but also for the hand
34

. A meta-analysis showed that a moderate increase 

of BMI contributed to increased susceptibility to radiographic and/or clinical hand 

OA
46

. And in another study fat percentage was associated with hand OA in both 

men and women
47

. Since hands are non-weight bearing joints this suggest a role 

for metabolic and/or inflammatory processes. Moreover considering that obesity is 

characterized by a low-grade inflammatory state, which has its consequences on 

joint tissue including cartilage, synovium and bone
48,49

, the role of inflammation in 

OA is becoming increasingly noticeable and intriguing. More about inflammation 

is found in section 1.3.3.  

 

The population-attributable risk percentage (PAR%) meaning the percentage of 

KOA that would have been avoided if there was no obesity in the population 

varied from 50% for symptomatic KOA in the United States (high prevalence of 

obesity) to 8% in China (low obesity prevalence)
34,50

. Comparing the west (Europe 

and the United States) about 25% of KOA cases could have been prevented if 

overweight was avoided, versus 10% in Asian countries
34

. 

Weight increase has been associated with early articular cartilage damage, seen by 

MRI before symptoms develop, suggesting a causation between obesity and 

OA
34,51

, rather that OA developing as consequence to lifestyle, overweight and 

consequently overloaded joints. 
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Finally, the effect of obesity on OA is probably multifactorial, possibly due to 

increased load on the joint, decreased muscle strength and altered biomechanics
34

. 

In addition to the low-grade inflammation observed in obese as mentioned 

previously. 

 

Joint injuries: Joint injuries are a risk factor for developing OA and referred to as 

posttraumatic OA
34

. Injury to the anterior cruciate ligament (ACL) is associated 

with the early onset of knee OA after 10-15 years in 13% of cases
52

. ACL injuries 

affecting other tissue parts; damage to the cartilage, subchondral bone, collateral 

ligaments, and/or menisci, increase the prevalence of OA with 21-40%
52

. An 

estimation provided using a computer simulation model of KOA natural history 

and management estimated that those with ACL injuries and meniscal tear were 

2.5 times more likely to develop OA, and 4 times more likely to undergo total knee 

replacement surgery than those without injury
53,54

. A meta-analysis of six studies 

found that the risk of developing minimal OA was 3.89 after ACL injury 

regardless of whether the injury was treated surgically or not compared to control. 

And the risk of developing moderate to severe OA (grade III and IV) was 3.84 

compared to control after a follow-up of 10 years
34,55

. Another report associated 

partial meniscetomy with a higher risk of KOA incident within a year
56

. 

 

Joint alignment: Joint shape and alignment are anatomical factors associated with 

the risk of developing OA, especially knee and hip OA
34

. Knee malalignment is a 

strong predictor of KOA disease progression
54

, however its link to the incidence of 

KOA is less clear
32,35,36

. A prospective observational study of 230 patients with 

KOA, medial progression of KOA was 4 fold greater in patients with varus 

alignment, and lateral progression of KOA was 5 fold higher in those with valgus 

alignment
57

. Hip shape alterations have also been associated the risk of early onset 

of hip OA; femoroacetabular impingement
58

 and severe developmental dysplasia 

of the hip with the former being more prevalent
59

. 
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1.3.3 Inflammation 

Inflammation is a major factor associated with the risk of progression of both 

cartilage loss and symptoms of disease, including joint pain, swelling, and stiffness, 

signs of synovitis (inflammation of the synovium)
60,61

.  

The synovial membrane which contains metabolically highly active cells 

(synoviocytes) is physiologically important. It nourishes chondrocytes via the 

synovial fluid and joint space, and removes metabolites and products of matrix 

degradation
60

. 

Previously introduced epidemiologic studies have shown that there is a strong 

relationship between ACL disruption and the risk for subsequent development of 

OA. Post-acute ACL injury, biomarkers of inflammation and collagen loss can be 

detected at higher levels in synovial fluid of the affected knee than in serum
61,62

. 

This suggests that low-grade synovitis indicates pre-clinical disease during early 

posttraumatic phase, which could impact the long-term outcome
61,63

. 

Synovitis is directly responsible for several clinical symptoms and reflects the 

structural progression of the disease; it is a key factor in OA pathophysiology 

because of the action of several soluble mediators
60

 (Figure 3). 

Therefore treatments that specifically target this component of OA, that has been 

previously neglected, could be beneficial for both the symptoms and structural 

changes that occur in OA
60,64

. Figure 3 illustrates the role of synovium and 

synovitis in the perpetuation of OA, providing an explanatory scenario on the 

molecular level to how a trauma to the joint, over time leads to OA (posttraumatic 

OA). The figure shows the vicious cycle that manifests subsequent to, a perhaps at 

start, small injury/cartilage breakdown leading to activation of synovial cells that 

once activated produce catabolic and inflammatory mediators. The matrix 

degrading enzymes matrix metalloproteinases (MMPs) and a disintegrin and 

metalloproteinase with thrombospondin motifs (ADAMTS) are produced along 

with the pro-inflammatory cytokines IL1β, TNFα, IL6, and IL8. The production of 

these catabolic mediators results in more cartilage degradation, creating a positive 
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feedback loop. The inflammatory response is magnified by B cells, T cells and 

infiltrating macrophages
60

. The synovium and cartilage may produce anti-

inflammatory mediators to counteract the adversity of inflammation. Synovitis is 

common in early- and late stage disease
60

. Synovial gene expression provides an 

insight into global joint pathology. Some findings showed that synovial fluid 

proteome has a distinct profile in healthy individuals compared with early OA-

patients arthroscopy after injury of the medial meniscus, and late OA-patient 

undergoing total joint replacement
61,65

. 

Impact injury (trauma) also stimulates the release of reactive oxygen species (ROS) 

that induce chondrocyte death and activation of stress-induced kinases that 

upregulate MMP13, ADAMTS5, and TNFα
61,66,67

. 

It is yet not clear how the inflammatory process in OA is initiated, however 

abnormal mechanical and oxidative stresses are likely involved. Osteoarthritic 

chondrocytes produce IL1 at concentrations that are capable of inducing the 

expression of MMPs and other catabolic genes, and it colocalizes with TNF-α, 

MMP1, MMP3, MMP8, MMP13, and type II collagen cleavage epitopes in 

regions of matrix depletion in osteoarthritis cartilage
61

. 

Figure 3. The role of synovium in OA pathophysiology. 

Immune cells, anti-inflammatory and catabolic pro-inflammatory mediators in synovitis are shown. 

Adopted with permission from " The role of synovitis in the pathophysiology and clinical symptoms of 

osteoarthritis", Sellam, J. & Berenbaum, F. Nat. Rev. Rheumatol. 6, 625–635 (2010). 
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IL1β and TNFα may also induce other pro-inflammatory cytokines, such as IL6, 

leukemia inhibitory factor, IL17, IL18, and IL8 among other chemokines
61

. Many 

of these mediators synergize with one another in promoting chondrocyte catabolic 

responses
61

. Moreover, oncostatin M produces mild catabolic responses in 

chondrocytes through a gp130 receptor and JAK3, but synergizes strongly with 

IL1 or TNFα. IL1β and TNFα, alone or together also suppress the expression of 

several genes associated with the differentiated chondrocyte phenotype, including 

ACAN and COL2A1
61

. 

The inflammatory and mechanical mediators induce several pathways including 

the NFκB and MAPK pathways which are abnormally activated in OA 

chondrocytes
68,69

. The NF-κB pathway is a central regulator of the inflammatory 

cytokine-induced catabolic actions in chondrocytes
61

. 

In summary the inflammatory milieu promotes cartilage destruction in two ways; 

by suppressing the expression of essential matrix components (COL2A1 and 

ACAN) and via inducing the production of cartilage degrading enzymes (MMPs 

and ADAMTS) that further ensures cartilage destruction. 

Influential players in cartilage homeostasis, inflammation and disease mechanisms 

like specific microRNAs have gained more attention. Some of the reports showed 

that miR-140, miR-27a, miR-27b, miR-146a all attenuate ADAMTS and/or MMP 

expression
70–72

. Moreover the synovial fluid concentration of miR-16, miR-132, 

miR-146a, and miR-223 are lower in osteoarthritic samples compared to 

controls
61,73

. Another report showed that SOX9 positively regulate COL2A1 

expression through miR-675-dependent mechanism in human chondrocytes
74

.  

This thesis is mainly focused on miR-140, and to a much lesser extent miR-146a. 

Chapter 1.4.9 provides some background on miR-140, its link to cartilage and OA, 

and the basis of choosing it as a main theme for this thesis. 
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1.4 MicroRNAs 

MicroRNAs (miRNAs) are small regulatory non-coding RNA molecules of  ̴ 22 

nucleotides in length. They regulate gene expression through binding to their target 

mRNA in the 3’ untranslated region (3' UTR) and together with Argonaute (AGO) 

leading to their degradation and/or translation repression
75–77

. miRNAs are thus 

potent gene regulators. The first miRNA discovered was lin-4 in C. elegans in 

1993
75

, and since then miRNAs have revolutionized the field of molecular 

biology
78

. Thousands of miRNAs have been identified in humans and many of

which are conserved in other animals. Moreover these human miRNAs have 

conserved interactions with most human mRNAs
79

. This preserved regulation of 

most human mRNAs predicts the essential role miRNAs play in all developmental 

processes and diseases
80

. 

Evidently miRNAs have been shown to be crucial regulators in developmental 

timing, cell differentiation, apoptosis, inflammation and immune cell 

development
81–84

. A dysregulated expression of miRNAs can therefore have 

disastrous consequences on the cell and the organism as a whole. Many miRNAs 

have been shown to be implicated in several human diseases including cancer, 

autoimmune diseases, arthritic diseases, musculoskeletal disorders, and mental 

disorders
85–90 

. Loss of function studies disrupting miRNA genes in mice have 

resulted in diverse phenotypes, including defects in the development of the 

skeleton, teeth, brain, eyes, muscle, heart, lungs, kidneys, vasculature, liver, 

pancreas, intestine, fat, breast, ovaries, testes, placenta, thymus, and each 

hematopoietic lineage, in addition to cellular, physiological and behavioral 

defects
80

. Many of these defects affect embryonic or postnatal viability or cause 

other severe conditions like epilepsy, deafness, retinal regeneration, infertility, 

immune disorders or cancer. Moreover, some miRNA knockout strains have 

shown changed susceptibility to infections and many showed altered responses to 

injury- or disease-induced mouse models
80

. 
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Emerging evidence shows the complex interplay of regulation miRNAs exhibit, 

one miRNA can target up to 100 genes, and one gene can be regulated by several 

miRNAs
91,92

.  miRNAs work often by fine-tuning biological processes. miRNAs 

are therefore highly relevant therapeutical targets and of great potential for the 

future of medicine and personalized medicine. 

 

1.4.1 miRNA Biogenesis 

1.4.1.1 Biogenesis of Canonical miRNAs 

Canonical miRNA genes in animals are transcribed by RNA polymerase II into 

long transcripts called primary RNA (pri-miRNA)
93

. Pri-RNA has at least one 

region that folds back on itself providing a substrate for Microprocessor;  a 

heteromeric complex consisting of one molecule of the endonuclease Drosha and 

two molecules of its partner DCGR8
94

. Drosha has two RNase III domains that 

each cuts one strand of the stem of the hairpin with a 2 base pair (bp) offset, 

resulting in shorter hairpin transcript now called precursor miRNA (pre-miRNA)
80

. 

Drosha does not cut consistently each time giving rise to variants/isoforms (so-

called isomiRs, refer to section 1.4.2) of the miRNA generated. Pre-miRNA is then 

transported out of the nucleus to the cytoplasm through Exportin 5 and RAN-GTP, 

where it is then processed further by another endonuclease called Dicer
95,96

 

(Figure 4). Dicer, like Drosha, has two RNase III domains
97,98

 that cut both strands 

near the loop to generate miRNA duplex which contains the so-called 5p and 3p 

strands. One of the strands is the leading strand and the other strand is the 

passenger strand (or miRNA*). Dicer also associates with a partner protein (named 

TRBP in mammals and Loquacious in flies) that is essential for miRNA processing 

in flies but not in mammals
80,99

. 

 

The duplex has ~2 nt 3' overhang on each end as a result of the offset cuts made by 

Drosha and Dicer
93,98

 (Figure 4 and 6). One of the strands is chosen to be 

incorporated into the silencing complex where it can target its mRNA. Which of 

the strands is chosen depends on the preferred orientation by which the duplex 
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binds AGO
100

. This orientation depends on which strand of the duplex has a 5' 

terminus most suitable for loading into the AGO pocket. The pocket prefers the 

strand with the least stable 5'-terminal pairing
101,102

 as well as A or U as 5'-terminal 

nucleotide 
103,104

. 

 

With AGO miRNAs form the RNA-induced silencing complex (RISC) and target 

regions in the 3' UTR of mRNAs through complementarity binding to the so-called 

seed region. The seed region is nucleotide 2-8 on the miRNA
105

. Target 

complementarity to nucleotides 2-7 or 3-8 is much weaker but still considered 

canonical
100,106

. Moreover nucleotide 13-16 (termed supplemental region) towards 

the 3' end of the miRNA, can also contribute to target recognition
100,106,107

. Once 

pairing has taken place miRNA direct gene silencing of mRNA through 

translational repression or mRNA decay. 

Which one of these modes of regulation dominates depends on the developmental 

context of the cell
80

. mRNA decay dominates in post-embryonic cells
108,109

 and 

regardless of miRNA identity, cell type, growth condition, or translational state, 

mRNA destabilization is responsible for most (66%->90%) of repression mediated 

by mammalian miRNAs
80,109

. 
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Figure 4. miRNA biogenesis and isomiR generation.  

The various proteins involved in miRNA biogenesis and their cellular location. Comprehensive figure text is 

found in the original article. Adopted with permission from" Regulation of microRNA function in animals", 

Gebert et. al, Nature reviews Molecular Cell Biology 20,21-37(2019). 
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1.4.1.2 Biogenesis of Non-canonical miRNAs 

Some miRNA genes bypass the canonical Drosha or Dicer catalyzed processing. 

Some debranched introns for instance enter the biogenesis pathway as pre-miRNA 

hairpins with their end being defined by the spliceosome and not Drosha
80

 (Figure

5b). These RNAs are termed mirtrons; being both a pre-miRNAs and introns
110,111

. 

The second class of non-canonical miRNA genes produce endogenous short 

hairpin RNAs (shRNAs) which resemble the synthetic shRNA designed for gene-

knockout
80

 (Figure 5c). A few subset of endogenous shRNAs are from two 

adenoviral hairpins and are transcribed by polymerase III (Pol III) and further 

processed by Dicer
80

. The other subset which is best characterized is a Pol II 

product. The transcription start site defines the 5' terminus of the Dicer substrate
112

, 

definition of the 5' terminus has downstream consequences as the 5' cap structure 

prevents the 5' (5p) strand of the miRNA duplex from entering the RISC complex. 

This results in only functional 3p mature strands of the miRNA.  

A third class of non-canonical miRNA are so-called chimeric hairpin RNAs where 

genes are transcribed in tandem with/or as part of another type small-RNA gene
80

. 

They often depend on the transcriptional and processing determinants of the other 

RNA to help generate the hairpin substrate of Dicer
80

 (Figure 5d). For instance a 

mammalian miRNA; miR-1839 derives from a hairpin that falls within the ACA45 

snoRNA
113

. Some miRNAs from murine γ-herpesvirus 68 (MHV68) derive from 

hairpins transcribed in tandem with tRNA-like molecules
114

, and primate γ-

herpesvirus derive from hairpins transcribed in tandem with snRNAs
115

. 

Finally the most known mammalian non-canonical miRNA miR-451, is one of the 

most highly expressed miRNAs in erythrocytes. It requires Drosha but not Dicer 

for its biogenesis
80

 (Figure 5e). The product of Drosha cleavage (pre-miR-451) is 

too short to be processed by Dicer, and is instead cleaved by AGO2 and further 

processed by poly(A)-specific ribonuclease (PARN) to produce the mature 

functional miRNA
116–118

. 
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1.4.2 IsomiRs 

IsomiRs are natural mature variants of miRNAs that differ in length, sequence or 

both
119–121

 and thus expand the functional repertoire of miRNAs
100

. IsomiRs are 

generated by several mechanisms and are followingly classified into 5', 3' or 

polymorphic (internal) isomiRs depending on the site of variation and the 

mechanisms by which they are generated
100,122

. IsomiRs can be generated by RNA 

editing, alternative Drosha or Dicer processing, or exonuclease mediated 

nucleotide trimming, and/or non-templated nucleotide addition (NTA)
123,124

. NTAs 

are dominant at the 3' end of miRNA, catalyzed by nucleotidyl transferase 

enzymes and are usually uridylation or adenylation
100

. 3' NTAs are physiologically 

Figure 5. Canonical and Non-canonical Biogenesis of miRNAs 

A) Biogenesis of canonical miRNAs. B-E) Biogenesis of known classes of non-canonical miRNAs;

mirtrons, endogenous shRNA, chimeric hairpins, and miR-451 respectively. Adopted with 

permission from" Metazoan microRNAs", Bartel et. al, Cell 173, 20-51(2018). 
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regulated and can affect miRNA stability and/or activity, while 5' NTAs are likely 

to alter the miRNAs target spectrum as the modification shifts the seed sequence
122

. 

Polymorphic isomiRs are generated by RNA editing, mainly by the enzyme 

adenosine deaminase acting on RNA (ADAR)
124

. Figure 6 by Gebert et. al
100

 

shows the various modifications possible to the canonical miRNAs, mechanisms 

of formation and the respective effects. Isomirs undeniably increase the 

complexity of miRNA biology and expand the functional repertoire of miRNAs. 

1.4.3 RNA Editing 

RNA editing can alter the miRNA sequence as seen in Figure 6 above resulting in 

the generation of isomiRs, alteration of target spectra of the original canonical 

miRNA, as well as having possible effects on turnover of miRNAs. Deamination 

Figure 6. Generation of isomiRs 

Overview of the different mechanisms by which isomiRs are generated. Adopted with permission 

from" Regulation of microRNA function in animals". Gebert et. al, Nature reviews Molecular Cell 

Biology 20,21-37(2019). 
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has been observed to be the most common type of miRNA precursor editing where 

ADAR converts adenosine into insoine which is read as guanosine during splicing 

and translation
124

. Cytidine deaminases, also known as members of the 

apolipoprotein B mRNA editing catalytic polypeptide-like (APOBEC) family, 

similarly convert cytidine into uracil
125

. A-to-I editing seems to be widespread
126

 

in the human brain, where 209 pri-miRNAs were analysed ~ 16% of pri-miRNAs 

were predicted to be edited
100

. This type of editing can interfere with cleavage by 

Drosha
127–129

 or Dicer
130

, or with AGO loading, and editing of the seed can redirect 

miRNA to a new target spectrum
131,132

. A-to-I editing is also involved in miRNA 

deregulation in cancer
129,133,134

. 

Changes to seed sequence can also be mediated through C-to-U editing
135

. RNA 

editing is a flexible regulatory mechanism that can control both the abundance and 

target specificity of miRNAs, however more research is needed to understand the 

biological importance
100

. 

1.4.4 Non-templated nucleotide addition 

NTA mainly involves adenylation or uridylation at 3' ends and is miRNA-specific 

across tissue types, developmental stages, diseases states and different 

species
100,136

. NTA is carried out by various enzymes and can regulate miRNA 

stability
100

. Some NTAs lead to increased stability while other increase 

destabilization, promote degradation or inhibit activity, refer to Figure 7 for an 

overview of some NTA examples and miRNA turnover. 

For instance the poly(A) RNA polymerase GLD2 (also known as PAPD4) 

mediates 3' end monoadenylation that stabilizes miR-122 in the liver
137

 and in 

mouse embryonic fibroblasts
138

. While CUG triplet repeat RBP1 (CUGBP1) binds 

miR-122 and mediates its degradation by recruiting PARN (Figure 7b). Several 

other miRNAs are regulated in a similar manner as miR-122 i.e. miR-93 and miR-

652-3p
139

. However recent evidence suggests that the same mechanism on other 

miRNAs had no effect on miRNA stability; Mansur et. al showed that GLD2 3' 

monoadenylation of miRNAs in the hippocampus of mice had no effect on their 
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stability or on animal behavior
140

. Similarly in human fibroblasts when GLD2-

mediated adenylation was suppressed, only half of the investigated miRNA were 

destabilized
141

. In this study D'Ambrogio et al. found that sensitivity to 

monoadenylation-induced stability depends on nucleotides in the 3' end of the 

miRNA
141

. 

Also the same mechanism of 3' adenylation can initiate degradation of miRNA; as 

in the case of miR-21 when adenylated by poly(A) RNA polymerase PAP-

associated domain-containing protein 5 (PAPD5)
100,142

,  (Figure 7a). 

 

Figure 7. Non-templated nucleotide addition and miRNA turnover 

a) NTA; the various editing enzymes involved and their respective outcomes. b) Terminal 3’adenylation

stabilizes some miRNAs. c) AGO-bound miRNA interactions with target mRNA, different scenarios are 

shown. For comprehensive details refer to the original article. Adopted with permission from" 

Regulation of microRNA function in animals". Gebert et. al, Nature reviews Molecular Cell Biology 

20,21-37(2019). 
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3' uridylation on the other hand has been shown to inhibit miRNA activity more 

consistently
100

. Uridylation by terminal uridylyltransferase 4 (TUT4; also known 

as ZCCHC11) of miR-26b reduces target repression
100,143

. Moreover, TUT4-

mediated uridylation primes many miRNAs for degradation during T cell 

activation
100,129

 (Figure 7a). 

NTA thus regulates miRNA both positively and negatively and influences the 

stability of specific miRNAs in specific cell types
100

. NTA also seems to be 

species-dependent with uridylation being more common in C.elegans and 

adenylation more common in mouse and human
136

. Currently the enzymes 

reported to mediate NTA are GLD2
137

, PAPD5
144

, poly(A) polymerase-γ and 

poly(A) RNA polymerase, mitochondrial
136

 (adenylation) and TUT7, TUT4 
143

 and 

TUT1 (uridylation). 

Recent evidence shows the interactions between miRNA 3' region and target 

RNAs can substantially affect miRNA modification and turnover, thus providing a 

potential mechanism for the cellular context dependence of NTA
100

. 

1.4.5 miRNA turnover 

miRNA turnover rates are regulated by many factors and can range from minutes 

to days 
145

. They are also miRNA-specific and isomiR-specific and thus linked to 

miRNA sequence
146,147

. 5' uracil is associated with stability and lower turnover 

rates than guanine or cytosine in this position
100

. Turnover rates also depend on

developmental stage and tissue context. For instance miRNAs in mouse fibroblast 

3T3 cells are generally stable with the exception of the miR-16 family members 

which are inherently unstable
148

. Their instability allows for miR-16 levels to vary 

with and help regulate the progression of cell cycle. Some miRNAs are stable 

except when specifically degraded in response to developmental cues
149

. And 

neuronal miRNAs have generally faster turnover rates than miRNAs in other 

tissue
100,150

. 
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Target RNA-directed miRNA degradation (TDMD)
151

 is one mechanism by which 

miRNAs are destabilized when target RNAs have extensive complementarity to 

both 5' and 3' regions of a miRNA (Figure 7c). TDMD is often associated with 3' 

NTA or tailing, and with 3'-5' trimming of the degraded miRNA
100,152,153

. 

Endogenous inducers of TDMD have now been reported; A lncRNA is reported to 

degrade miR-29b in the cerebellar granule cell layer of zebrafish, and in mice by 

the 3' UTR of a protein-coding gene
154

. Both transcripts show extensive sequence 

similarity around a highly complementary target site for miR-29b
100

. Another 

example is the lncRNA Cyrano that induces TDMD of miR-7 and followingly 

affect its interaction with circular RNA (circRNA)
155

. It is suggested that many 

inherently unstable miRNAs are subjected to TDMD through unknown 

mechanisms
100

. 

miRNA degradation has recently been shown in lysate of HEK239 cells to occur 

within AGO through so-called seedless targets with high complementarity to 

miRNA 3' ends, with complementarity of the 3'-terminal nucleotide being crucial 

for degradation
153

. The authors Gebert et. al
100

 suggest that this observation 

together with the observation that sequences of both the 5' and the 3' end influence 

turnover rates
146,147

, could in part explain the tissue specific and miRNA-specific 

effects of NTA on stability. Highly complementary targets can destabilize the 

AGO-miRNA interaction and promote release of the guide strand
156

, although high 

number of seed-matching targets stabilize miRNAs
157

. 

Tudor staphylococcal nuclease which degrades A-to-I edited double-stranded 

RNA
124

 was found to target miR-31-5p, miR-29b-3p, and miR-125a-5p in 

HEK293T cells
100

. While other tested miRNAs were unaffected suggesting 

miRNA-specific mechanism
158

. 

Phosphorylation-dependent regulation of miRNAs has recently been observed for 

the tumor suppressor miRNA miR-34
100

. Investigation of nuclei of four human 

cancer cell lines revealed that they contain a pool of inactive, mature, single-
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stranded miR-34 lacking a 5' phosphate and not bound by AGO
159

. Irradiation of 

the cells led to miR-34 5' phosphorylation, export to cytoplasm and loading into 

AGO
100

. Two kinases were required for miR-34 phosphorylation; the serine-

protein kinase ATM, and the RNA kinase C1P1. More research is needed to know 

how widespread this phenomenon is, but it suggests that miRNAs can be kept in 

the nucleus in an inactive state and be quickly activated and released to the 

cytoplasm upon stimuli
100

. 

1.4.6 Post-translational modification of AGO 

Modifications of AGO proteins is another way that influences and regulates 

miRNA functionality. AGO proteins show post-translational modifications (PTM) 

on several residues. Phosphorylation is the most documented and well known. 

Phosphorylation occurs at three main sites
100

; at the L2 linker on Ser387 and 

TYR393 of human AGO2, at the miRNA 5' end binding region in the middle 

(MID) domain on Tyr529, and at a surface-exposed loop in the P-element induced 

wimpy testes (PIWI) domain known as the eukaryotic insertion or the S824-S834 

cluster
100

. Ser387 phosphorylation increases miRNA activity by stimulating the 

assembly of RISC complexes
100

 and reduces translocation of Ago2 to 

multivesicular endosomes and secretion of exosomes
160

. Phosphorylation of the 

neighboring Tyr393 has the opposite effects on miRNAs; it decreases the miRNA-

Ago2 association and thus reduce miRNA activity
161,162

. Phosphorylation of 

Tyr529 in the MID domain prevents miRNA loading
163

, while phosphorylation 

sites (S253, T303, and T307) in the Piwi-Argonaute-Zwille (PAZ) domain and 

S798 in the PIWI domain are of yet unknown functions. 

 

In addition to phosphorylation other shown PTM of AGO are Pro700(p700) 4-

hydroxylation, K402 sumoylation, and poly (ADP-ribosylation) (PARylation)
100

. 

P700 4-hydroxylation of Ago2 seems to increase its stability in both mouse and 

human cells
164

. The ubiquitin-proteasome system reduces the number of fruit fly 

Ago1 and mouse Ago2
165

 through the process of sumoylation leading to a global 

downregulation of miRNAs. Lys402 sumoylation has been reported to have 
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contradicting effects; destabilize Ago2
166

 or be required for full Ago2 siRNA-

mediated activity
167

. 

Contrary to AGO proteins, less is known about the regulation of other proteins 

involved in the miRNA function. Trinucleotide repeat-containing gene 6A protein 

(TNRC6) for instance is shown to be ubiquitylated by tripartite motif-containing 

protein 65 in HEK293 cells and leads to proteasomal degradation and depression 

of miRNA targets
100,168

. Clearly more research is needed to gain insight into 

proteins regulating miRNA abundance, activity and function. 

1.4.7 Regulation of miRNAs by sequestration 

Sequestration of miRNA is yet another way of regulating miRNA activity. One 

proposed mechanism of miRNA sequestration is the competing endogenous RNA 

(ceRNA) hypothesis where newly synthesized RNA accumulates and compete 

with other RNAs targeted by the same miRNA in the RISC. Followingly the 

originally bound target-RNA will be released and the new RNA will be targeted. 

In this way other genes will be downregulated
100

 (Figure 8a). This principle 

resembles the competitive function of miRNA sponges
169

. However, this 

hypothesis raises controversy as the feasibility for competition in the RISC 

complex requires high concentration of RNA, which cannot occur under normal 

physiological conditions
170,171

. Emerging evidence suggests that ceRNA can also 

be long non-coding RNAs (lncRNAs), pseudogenes and circular RNAs 

(circRNAs)
100

. Figure 8b shows different known scenarios where this concept is a

mechanism of regulating miRNAs. The lncRNA (linc-md1) is suggested to drive 

myoblast differentiation by sequestering miR-133 and miR-135 which target 

muscle-specific transcription factors in mice
172

. While in human the pseudogene 

PTEN 1 (PTENP1) derepresses the tumor suppressor PTEN mRNA via sharing 

many miRNA target sites. This kind of derepression was suggested to be a 

regulatory function of pseudogenes. For further details and more examples on 

sequestration via ceRNA please refer to Gebert et. al
100

.   

Furthermore, viruses have evolved to manipulate and use host miRNAs for their 
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own purpose and thus alter the activity of miRNAs
100

. Figure 8c shows several 

examples of viral modulation of miRNA activity, where the most studied example 

is the interaction between hepatitis C-virus (HCV) and miR-122. HCV has two 

binding sites for miR-122 at the 5' UTR of its RNA
173

. miR-122 binds the viral 

RNA and together with the recruited AGO2
174

 they form complexes that protect 

HCV from the host's antiviral response and the activity of exonucleases
175

. This 

clearly sequesters miR-122 and inhibits its function on hepatic target mRNA. miR-

122 is a tumor repressor and its sequestration by HCV could perhaps explain why 

chronic HCV infection is linked to an increased risk of hepatocellular carcinoma
176

. 

For further details regarding the other examples please refer to the excellent review 

by Gebert et. al
100

. 
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Figure 8. miRNA sequestration by endogenous and viral RNAs 

a) The competing endogenous RNA(ceRNA)hypothesis. b) lncRNAs, pseudogenes and mRNAs

acting as ceRNA. c) Different viruses affecting miRNA function. For extensive details, please 

refer to original article. Adopted with permission from" Regulation of microRNA function in 

animals". Gebert et. al, Nature reviews Molecular Cell Biology 20,21-37(2019). 



35 

1.4.8 miRNA transport from the cytoplasm 

miRNAs function in the cytoplasm, and their translocation to the nucleus or to 

extracellular vesicles is yet another way to regulate their activity. For extensive 

information about the whereabouts of miRNAs, please refer to this review
177

. 

1.4.8.1 Nuclear localization of miRNAs 

The first miRNA to be found in the nucleus was miR-21, where about 20% of total 

miR-21 is present in nuclear extracts
178

. Also miR-29b was found to be 

predominantly localized to the nucleus due to the 3' hexanucleotide nuclear 

localization signal
100,179

. Ago2, Dicer, TARB and GW182 are present in the 

nucleus and form complexes
100

. ALG-1, the AGO homologue in C. elegans uses 

mature let-7 to bind pri-let-7 transcripts in the nucleus and promote their 

biogenesis creating a positive feedback loop
100,180

. Recent studies in mammalian 

cells indicated that nuclear miRNAs do not repress complementary targets
100

. miR-

29b' nuclear localization was found to be dependent on the nuclear presence of 

targets which questions the significance of hexanucleotide localization signal of 

miR-29b
157

. All together this shows our limited understanding of nuclear miRNA 

activity and the urge to study and unravel this undiscovered field. 

1.4.8.2 Circulating miRNAs 

Circulating miRNAs are potential biomarkers of cancer
181

 and likely of other 

diseases as well. Their discovery in exosomes led to the hypothesis that they might 

contribute to intercellular signaling
100,182

. It is not clear whether only a small 

fraction of circulating miRNAs travel within exosomes (~10% or less in 

plasma)
183,184

 or whether the majority of circulating miRNAs travel within 

exosomes (83-99% in serum)
185

. These contradicting finding could be due to 

differences in isolation methodologies or to differences between serum and 

plasma
100,185

. 

Circulating miRNAs may have regulatory functions. It has been shown that breast 

cancer cell-derived exosomes contain pre-miRNAs and the proteins required for 

cell independent miRNA maturation and can induce cell proliferation in 
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culture
100,186

 and might have pro-metastatic effects in vivo
187,188

. However the 

challenge is to clearly distinguish between miRNA-mediated effects and changes 

caused by other exosomal components
189

. Exosomes from five different sources 

were found to have less than one miRNA molecule per exosome on average
100,190

. 

However, a recent study showed that brown adipose tissue is a considerable source 

of exosomal miRNAs in human and in mice
191

. Though single stranded miRNAs 

are rapidly degraded in the cell, some reports suggested sorting mechanisms to 

exosomes
192,193

. AGO proteins are usually not found or under-represented and thus 

not detected in exosomes
194

. Nevertheless, another report claimed that exosomes 

derived from cancer cells and serum from patients with breast cancer contain the 

RISC loading complex proteins, Dicer, TRBP, and AGO2, which process pre-

miRNAs into mature miRNAs, while normal cell-derived exosomes lack this 

ability
186

. Perhaps that is a part of the explanation to why AGO proteins have not 

yet been detected in normal exosomes. Exosomal miRNAs are yet another not 

well-understood area in miRNA biology and more research is needed to 

understand their functional aspects. 

1.4.9 miR-140 

miR-140 has been considered a cartilage specific miRNA since it was observed to 

be mostly expressed in cartilaginous tissue during development
195

. However miR-

140 is expressed in various tissues and has been implicated in various diseases. 

Recently its expression has been negatively correlated with multiple sclerosis
196

.

While in cancer miR-140 seems to have contradicting roles. Whereas in 

osteosarcoma miR-140 contributes to drug resistance through its upregulation of 

autophagy
197,198

, in colorectal cancer it abolishes tumor formation and metastasis 

through targeting Smad2 and autopgahy
199

. Also in breast cancer a 5' isomiR of 

miR-140-3p showed tumor suppressive properties
200

. 

miR-140 resides within an intron of its host gene the E3 ubiquitin ligase WWP2
201

. 

miR-140 is co-transcribed with a C-terminal isoform of the WWP2 gene
202

. WWP2 

has a SOX9-binding motif in its promoter and was shown to be directly induced by 
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SOX9
202,203

. miR-140 and its host gene are thus both under the transcriptional 

control of SOX9. Our group
204

 also showed that miR-140-5p is essential for SOX9 

expression and thus for chondrogenesis. miR-140 expression has also been shown 

to be reduced in osteoarthritic cartilage and suppressed by IL1β
205

. Moreover miR-

140 knock-out mice are predisposed to OA and overexpression of miR-140 in 

chondrocytes protected against surgically induced OA
70

. Karlsen et. al 

demonstrated that miR-140-5p exhibits anti-inflammatory effects by targeting 

several components in the NFκB pathway
206

. Both miR-140-5p and miR-140-3p 

are highly expressed in healthy native cartilage, miR-140-3p higher than miR-140-

5p
207

.  In fact miR-140 is the highest expressed miRNA in native cartilage
207

. 

Some reports have suggested an anti-inflammatory role to miR-140-3p as well. It 

was shown to inhibit TNFα-induced inflammation in smooth muscle
208

 and to 

inhibit NFκB activity in hepatocytes
209

. All of the above motivated this work on 

miR-140 with the aim of unraveling more of its functions and targets in cartilage. 

A deep understanding of miR-140 could perhaps help leverage its great 

therapeutical potential for OA. 

1.5 Immunological off-target effects following transfection of 

RNA sequences 

miRNAs are a part of the native regulatory gene silencing system, RNA 

interference (RNAi), that most eukaryotic cells use to achieve post-transcriptional 

repression of target sequences. Their regulatory function has been described in 

details in the previous chapter. siRNAs are another arm of the RNAi system. 

Immunological off-target effects to RNA has been previously reported in relation 

to siRNA and miRNA transfection into cells
210,211

. Undesirable off-target induction 

of interferon response, which is the classical anti-viral response involving many 

genes, was reported to be mediated by siRNAs
212–215

. However, synthetic siRNAs 

of 21 bp have been shown to bypass activation of the interferon pathway
211,216

. 

This has opened the door for the potential of using synthetic siRNAs to study gene 
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silencing in vitro, and as therapeutical agents in vivo
217

. siRNAs are highly 

specific and can be potent gene silencers with only one mRNA target and thus 

harbor great therapeutical potential. The specificity of siRNAs is favorable as it 

reduces the risk of off-target effects, however such therapies will be limited to 

elimination of target proteins
218

. While miRNAs having numerous targets 

simultaneously, some of which are transcription factors and regulatory molecules, 

are capable of altering complex networks
218

 making them a double-edged sword. 

This makes avoiding undesirable effects extremely difficult. Although miRNAs 

are short sequences, their multi-regulatory property might foster unwanted effects. 

The miRNA-based drug discovery process appears challenging, which is reflected 

by the limited number of drug candidates undergoing clinical trials
218–221

. However, 

miRNA and other regulatory sequences like their analogs (antagomiRs) provide a 

great therapeutic opportunity for not only eliminating proteins, but also restoring 

their physiological levels
218

. Thus, miRNAs should be considered as the future of 

RNAi therapies 
218,222

. 

Certainly, optimization of the miRNA/siRNA sequences can enhance their 

specificity and potency while also minimizing the risk of off-target effects
218

. 

However, it cannot entirely eliminate the risk of immune response 

activation
218,219,221

. Moreover the susceptibility of RNAs to degradation by 

endogenous nucleases
223

 is another obstacle to RNAi experiments and therapy. To 

address these issues various chemical modifications have been developed to help 

increase RNA stability, attenuate immune responses, enhance guide strand 

(intended strand) selection and delivery and also followingly reduce RNAi off-

target effects
218,219,221,224

. 
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2 Aims 

The overall aim of the thesis was to investigate the role of miR-140 in the 

pathogenesis and treatment of osteoarthritis. In order to address this, the specific 

aims were as follows: 

 To study the effects of miR-140 and miR-146a on the cells' global proteome

expression in an inflammation-induced model of OA

 To compare the two arms of miR-140 (miR-140-5p and miR-140-3p) in the

same model in order to gain a deeper insight in miR-140 functionality and

evaluate their potential to be used in OA therapy.

 To investigate miR-140-3p and two of its most prevalent isomiRs also in an

inflammation-induced model of OA.
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3 Summary of papers
 

 

Paper I 

In this paper we demonstrated the protective effects miR-140-5p, miR-140-3p and 

miR146a exhibited against inflammation, in an inflammation-induced OA-model. 

miR-146a showed the most potent anti-inflammatory effects. Moreover proteomics 

analysis revealed that all three miRNAs altered the same biological processes, 

some of which are key processes known to be disturbed in OA, in a favorable 

manner. Oxidative stress, autophagy and metabolism are examples of such 

processes. The data indicate the valuable potential these miRNAs have in restoring 

cartilage homeostasis and counteracting adverse conditions, which make them 

highly relevant candidates for cartilage repair and OA therapy. 

 

Paper II 

Here we showed how the canonical miR-140-3p and two of its most prevalent 

isomiRs, one 5’ and one 3’isomiR, regulate global gene expression in articular 

chondrocytes in an inflammation-induced model of OA, using RNA-sequencing. 

The results showed that the three miRNAs overlapped in their regulation of the 

same biological processes, all with a predominant anti-inflammatory effect. 

Similar to the findings in Paper I, the data revealed a great potential for the 

isomiRs as therapeutical agents against inflammation and immune responses. The 

5' isomiR, which by far downregulated the greatest number of mRNAs, showed 

extensive downregulation of genes involved in a number of immune response 

cascades and pathways, like IRF7, IFNG, DDX85, and HLA class I and II antigens. 

The data also suggest a role for 5' isomiR in ECM turnover as it downregulated 

several matrix degrading enzymes and other matrix components. RT-qPCR 

analysis revealed that perhaps canonical miR-140-3p and 3' isomiR share more 

common targets with 5' isomiR than what the RNA-seq data showed. 
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Paper III 

In this paper we pursued to unravel the problems we faced with negative controls 

in our experiments and aimed at shedding some light on the observed 

immunological off-target effects. We investigated different control sequences 

made using different miRNA synthesis technologies; Pre-miR miRNA Precursor 

and mirVana from Thermo Fisher Scientific. RT-qPCR analyses, mass 

spectrometry proteomics and western blot assays showed that there were few 

immunological off-target effects of transfection of the control sequences. However 

a specific off-target effect on IL6 and IL8 was seen. IL6 and IL8 were both 

upregulated by the negative control from the Pre-miR miRNA Precursor 

technology (Pre-neg #1). IL6 and IL8 were downregulated by the negative control 

from the mirVana technology (mirVana-neg). Further, the results suggested that 

the immunological off-target effects were dependent on both sequence and type of 

chemical modifications. We concluded that negative controls should be selected 

wisely, and we suggest that scientists need to test several controls to ensure correct 

interpretation of data before drawing any bold conclusions. 
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4 Methodological considerations 

In this chapter some of the methodological techniques will be introduced, 

standardized techniques will be discussed briefly. Some of the main hurdles 

encountered and chosen solutions to tackle them will be addressed. 

4.1  Patient material and sample processing 

The isolation and culture of human ACs were done according to standardized 

protocol
225

 previously described in Paper I
226

, II, and III. ACs were isolated from 

discarded OA cartilage tissue after total knee replacement surgery. The study was 

approved by the Regional Committee for Medical Research Ethics, Southern 

Norway. 

4.2 Transfection via electroporation 

There are several available methods of transient transfection of nucleic acids. The 

reasoning behind using electroporation and not lipid-based technologies though the 

latter are easier to perform and cheaper, is their previously observed off-target 

immunological effects
210

. Certainly, one would want to avoid or minimize the risk 

of any immunological off-target effects. This is particularly important when the 

model of the studies is an inflammatory model as we were interested in 

understanding the protective effects of miRNAs against inflammation. Having a 

transfection strategy that induces inflammation would be a major confounder in 

the results, and hence jeopardize data interpretation. With electroporation this 

obstacle is avoided and more reliable results can be achieved. Electroporation 

relies on electric pulses making transient pores in the cell membrane allowing for 

nucleic acids to enter the cytosol without the aid of transport vehicles. Although 

electroporation is highly efficient, it usually ends up in high cell death. To solve 

this issue our group developed an optimized protocol that reduces mortality which 

is the protocol that I have used and described in all three papers.  
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4.3 Reverse transcription quantitative real-time polymerase 

chain reaction  

RT-qPCR is one of the most powerful and reliable technologies for quantification 

of RNA because of its sensitivity, specificity and reproducibility
227

. The procedure 

involves four steps. The first step is RNA isolation followed by reverse 

transcription of RNA to cDNA and, amplification of cDNA by PCR, and lastly, 

data analysis. The PCR reaction generates copies of a DNA template exponentially 

which results in a quantitative relationship between the amount of starting target 

sequence and the amount of PCR product accumulated at any particular cycle. The 

measurements of PCR products as they accumulate "in real time" allow 

quantification in the exponential phase of the reaction. Thus this is a reliable 

detection and measurement of the products generated during each cycle, as they 

are directly proportional to the amount of template prior to the start of the PCR 

process. For more details on RT-qPCR refer to "Basic principles of real time 

quantitative PCR"
227

. 

 

There are two types of RT-qPCR; absolute and relative. In all studies in this thesis 

only relative quantification (RQ) was used. RQ uses mathematical equations to 

determine changes in expression in a sample relative to a reference sample, such as 

an untreated control sample, without requiring the exact copy number of the 

template. For normalisation of RT-qPCR data, an internal reference gene 

(housekeeping gene) is amplified simultaneously as the target gene. It should 

ideally be expressed at constant levels in all samples investigated, as its expression 

level has a big impact on the results. In this thesis GAPDH was used as a reference 

gene for all mRNA studied. A panel of housekeeping genes have previously been 

tested by the group and GAPDH was stable in chondrocytes. U18 was a reference 

gene for miRNAs in Paper I, while U6 was used for miRNAs in Paper II. 

The main disadvantage with RT-qPCR, RNA-sequencing and other RNA-

quantification methods is that RNA levels do not always correlate with the protein 

levels
228

. Therefore, proteomics and western blot have also been used in these 

studies in order to look at the protein level of the genes of interest. 
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4.4 Western blot 

Western blot (WB) is a widely used as standardized method for protein detection 

in cell lysate, tissue sample, serum etc. In short the technique involves; 1) 

preparation of proteins (antigens). 2) Separation of proteins according to their size 

by electrophoresis. 3) Transfer of the separated proteins onto a membrane. 4) 

Blocking the membrane to minimize non-specific binding with usually 5% milk. 5) 

Addition of antibodies; first a primary antibody against the protein of interest, 

washing away unbound primary antibodies, then adding a labelled secondary 

antibody. 6) Detection: when the labelled secondary antibody recognizes the 

primary antibody, which is bound to the protein, a signal is emitted and detected
229

. 

WB is highly specific, sensitive and with the usage of good controls it can be 

quantitative. However the challenges with WB are tied to its numerous steps and 

reagents that all need to be carefully optimized for successful detection and 

identifications of proteins. 
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4.5 Proteomics 

Proteomics is the analysis of the entire protein complement of a cell, tissue, or 

organism under a specific, defined set of conditions
230

. Proteomics is dependent on 

decades of technological and instrumental developments. These developments 

include the human genome project, advances in mass spectrometry (MS) 

technology, protein fractionation techniques, bioinformatics, and more
230

. 

One of the challenging hurdles in proteomics is the uncertainty of its complexity. 

The authors Yu. et. al
230

 explain this complexity by giving an example where one 

could imagine the number of genes that are expressed within a given human cell at 

any single time point. Each gene would give rise to more than just one mRNA 

transcript considering splice variants and other possible modifications to the 

transcript. During and after the translation of a transcript a series of possible events 

can occur, where the most common is post-translational modifications. There are 

over 300 known modifications where the most common are phosphorylation, 

glycosylation, methylation, and acetylation. This can increase the number of 

possible different mature proteins generated by giving rise to different isoforms. 

For instance a single protein that may have four potential phosphorylation sites 

will give rise to 16 different isoforms ranging from all the sites phosphorylated to 

none of them being phosphorylated
230

. If we assume that in a given setting 15000 

genes are expressed, and if each one gives rise to 4 different mRNAs on average 

each, that makes a total of 60 000 different transcripts. If each of the 60 000 

transcripts contained only four possible modifications sites these would give rise to 

960 000 proteins. Most likely the human proteome contains over 1000 000 

different proteins, a number that is not possible to be captured by the current 

technology. Herein lies the uncertainty of global proteomics studies, where it is 

difficult to say if a protein is absent in the sample or if the methodology was 

simply not able to detect it. As often quoted in science “ the absence of evidence is 

not the evidence of absence ” 

Proteomics depends on three fundamental technologies; a method to fractionate 

complex protein or peptide mixtures, MS to acquire the data necessary to identify 

individual proteins, and bioinformatics to analyze and assemble the MS data. 
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There are two distinct methods of fractionation of complex proteins; two-

dimensional polyacrylamid gel electrophoresis (2D-PAGE) and solution-based 

techniques. 2D-PAGE, developed in 1975 by O'Farrell, separates complex mixture 

of proteins and allows to compare the relative abundances of proteins from 

different proteomes
231

. The proteins within the gel are further enzymatically 

digested by adding trypsin into the gel piece. The products of the digestions, the 

peptides, are extracted from the gel and analyzed by MS or tandem MS (MS/MS) 

to acquire the raw data necessary to identify the proteins within the gel spot. The 

identification requires the usage of software designed to compare this type of data 

against databases containing large amounts of genomic or protein sequence 

information. Similarly solution-based techniques aim at separating 

proteins/peptides before they enter the mass spectrometry. Different combinations 

of solutions have been tested, however the most effective is the use of strong 

cation exchange (SCX) followed by reversed-phase high performance liquid 

chromatography (RPLC)
230

. In our experiments solution-based techniques were 

used to fractionate proteins. 

Although MS has been around for a century, the development of MS/MS
232

, and 

the coupling of online protein/peptide separation with MS
233

 have been the key 

determinants that enabled proteomics. Tandem MS allows the peptides obtained 

from an enzymatic digestion of a complex proteome mixture, to be fragmented in 

such a way that sufficient sequence information can be obtained for its unmistaken 

identification
230

. 

Proteomics is crucially dependent on bioinformatics to process the big amount of 

raw data generated by the mass spectrometer into protein data. The most critical 

software programs are those that map peptides and/or tandem MS results and 

determine the protein or peptide sequence that most closely matches the 

experimental data. The two most popular software packages for matching 

experimental MS data to peptide/protein sequences
230

 are MASCOT
234

, 

SEQUEST
235

 and more recently Andromeda/MaxQuant
236

.  



47 

 

Each of these search engines/scoring methods relies on different algorithms and 

thus would not produce identical results
237

. This presents another challenge in 

proteomics data interpretation. In a comparative study by Paulo et. al
237

, the 

authors analyzed 10 replicates of whole cell lysate on mass spectrometer, searched 

and compared the MS data using the three search engines MASCOT, SEQUEST, 

and Andromeda. The comparisons were also performed on both peptide and 

protein identifications. The authors found, as expected, that the number and 

identity of peptides and proteins differed across search engines and that the 

difference in protein identifications were greater than those of peptides. Thus, 

indicating the crucial source of discrepancy may be at the protein inference 

grouping level. Keeping in mind that the author here compared technical replicates 

from a cell line (Hela cells). I believe the discrepancy would be even greater when 

dealing with biological replicates from different biological donors, if we were to 

compare cell lysate from the various biological donors used in this thesis. 

The authors in this study also investigated the significance of the number of 

replicates added; the analysis of two replicates can increase protein identification 

by up to 10-15% compared to a single run, adding a third replicate results in an 

additional 4-5%. However the increase of identification of peptides and proteins 

diminishes with 4 or more technical replicates. 

 

In Paper I MASCOT was used as a search engine to search the SwissProt database 

(human, 21.01.2016, 20187 proteins) for protein identifications. While Scaffold 

software (version Scaffold_4.4.3) was used to validate MS2-based peptide and 

protein identification. The threshold of peptide identification was determined at a 

false discovery rate (FDR) of 5%, meaning peptide identifications were accepted if 

they could be established at greater than 95.0% probability by the Scaffold local 

FDR algorithm. Protein identifications were accepted if they could be established 

at greater than 99.9% probability. 

 

FDR is commonly used to determine the threshold of protein detection
238

. The 

FDR is generally calculated by searching a decoy database with the same protein 
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entries as the search database, but consisting of reversed or scrambled sequences 

and dividing the false positives by the total proteins identified
237

. The FDR is 

typically fixed at 1% to 5% at the protein level, meaning that 10 to 50 proteins are 

false positives per 1000 proteins that may have been identified
237

. 

In Paper II the data shown is RNA-sequencing data, however we also ran 

proteomics on the same cells from all donors. Here MaxQuant was used to analyze 

the MS data, and the software Persues (compatible), was used to do the statistical 

analysis of MaxQuant output. 

Proteomics analysis of proteins regulated by miR-140-3p and its isomiRs revealed 

that some of the same biological processes discussed in Paper II, shown by the 

RNA-seq data, were also regulated at the protein level. Although the exact genes 

were not observed at the protein level, several other members of the same gene 

families were picked up at the protein level. Moreover, 18 of a total of 47 

significantly downregulated proteins by 5' isomiR, were also downregulated on the 

mRNA level as RNA-seq data showed. 5' isomiR also downregulated a bigger 

number of proteins compared to the other two miRNAs, similar to its effect on the 

number of genes altered shown in Paper II. However since the RNA-seq data 

yielded far more information in terms of the number of significantly altered genes, 

consequently a better coverage of the biological processes affected, thus gave a 

better insight to the effects of the miRNAs in the inflammatory model of OA. We 

therefore chose not to include the proteomics data in the paper. Proteins with low 

molecular weight and low abundance like cytokines and transcription factors were 

apparently not detected with mass spectrometry in this dataset. This is a common 

challenge in mass spectrometry if one does not in advance add enrichment or 

prefractionation steps
239

. Applying FDR on the proteomic dataset disqualified the 

proteins from significance. Almost 40% (18 out 47) and 10% (4 out 39) of the 

proteins downregulated by 5' and 3' respectively, were also downregulated on the 

RNA level. While there was no overlap between the proteins and genes regulated 

by canonical miR-140-3p. Although the discrepancy between RNA and protein 
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expression is an important factor here, and an issue that has been debated for many 

years in the field
228,240

, the limited number of the proteins detected by proteomics, I 

believe, makes this percentage even smaller than it can possibly be. 

In Paper III proteomics analysis with MaxQuant and Persues were again used for 

MS data analysis and statistical analysis respectively. However even fewer 

proteins passed through the Student t-test (p-value <0.05) and 2 fold change cut off 

requirements. Applying FDR correction resulted in zero significant candidates. 

The data showed that there were not big differences between the samples, thus few 

proteins. The results here need to be validated on western blot.  

4.6 RNA sequencing 

RNA sequencing (RNA-seq) was selected as a method to gain more insight into 

the roles of miR-140-3p and its isomiRs in the inflammatory model of OA (Paper 

II). Since, as previously mentioned the proteomics analysis did not yield as much 

information as we wanted. RNA sequencing usually generates a great amount of 

data. The decision of choosing this method had certainly proved to be fruitful.  

Library preparation was performed at the Norwegian Sequencing Center, Oslo 

University Hospital, Ullevål, using TruSeq stranded mRNA library preparation kit 

(according to the manufacturer’s protocol-Illumina). 15 libraries were pooled 

together and sequenced in one NovaSeq SP flow cell employing 50bp paired end 

sequencing. More details on the methodology can be found in the method and 

material section of Paper II. 

Although this protocol gave a valuable insight into differential gene expression 

between the miRNAs and control, it is focused on mRNA sequencing. This implies 

that we are neglecting a big portion of other types of RNAs that might also play 

big roles in the biological processes we are interested in. Certainly we are missing 

the influence of other relevant miRNAs, and other regulatory RNAs like lncRNAs 

which recently have been proven to regulate miRNAs
154,155,241,242

. 
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However, the protocol managed to pick up a few number (about 60) of regulatory 

RNAs, especially lncRNAs, but very little is currently known about their function. 

5 Discussion 

OA is a complex multietiological disease, hence the need for a treatment that 

multi-targets several of its drivers or several pathophysiological pathways 

simultaneously. The miRNAs studied in this thesis harbor great therapeutical 

potential and therefore further research and elucidation of this potential is needed.  

A noteworthy weakness with the model chosen for all the studies in this thesis is 

that cells are grown in monolayer (2D), while chondrocytes in vivo are in three 

dimensional space (3D). A consequence of that is chondrocytes in 2D are 

dedifferentiated
243

. Thus they do not express chondrogenic markers like COL2A1 

and ACAN. Preferably one should mimic the in vivo milieu as much as possible. 

Indeed we do so for differentiation analysis by embedding chondrocytes in 

alginate that provides them with the 3D environment they need. However, with the 

chosen OA-simulating inflammatory model, this is not an option. According to our 

previous experience and unpublished data, chondrocytes do not produce the ECM 

molecules COL2A1 and ACAN in vitro in the presence of IL1β and TNFα. Also 

the differentiation cocktail includes dexamethason; an anti-inflammatory agent that 

would confound the effects of these inflammatory mediators. Dedifferentiated cells 

in 2D were therefore the only possible option for the inflammation-induced OA 

model. 

5.1 Paper I 

An in vitro model simulating OA was successfully established here using the 

inflammatory mediators IL1β and TNFα. IL1β and TNFα strongly induced the 

expression of the inflammatory cytokines IL1B, IL6 and IL8 and the matrix 
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degrading enzyme MMP13 mRNA (Figure 1a), in addition to IL6 and IL8 protein 

(Figure 1b). 

Further I transfected our miRNAs of interest (miR-140-5p, -3p and miR-146a) 

separately into chondrocytes and assessed their successful over-expression by RT-

qPCR (Figure 2a). RALA and TRAF6 are validated direct targets of miR-140-5p 

and miR-146a respectively. Their protein expression was assessed by WB, and 

again confirmed successful transfection and functionality of the miRNAs (Figure 

2b). The question we wanted to address in this paper was whether those miRNAs 

were capable of inhibiting or reducing the inflammatory signaling induced by IL1β 

and TNFα. Indeed that proved to be the case. Four days after transfecting the 

chondrocytes with the miRNAs, the cells were stimulated with IL1β and TNFα for 

24 hours and then harvested. Each of the miRNAs counteracted the inflammatory-

mediated response of IL6, IL8 and IL1B mRNA and reduced IL6 and IL8 protein 

(Figure 3) with varying potency and donor variability. miR-140-3p and miR-146a 

exhibited the most potent effects. Moreover, miR-140-3p and miR-146a strongly 

and consistently downregulated MMP13 (Figure 3a). 

Mass spectrometry analysis on protein lysates from the same cells revealed other 

positive effects of the miRNAs for chondrocytes under such adverse inflammatory 

milieu. In addition to inflammation and immune response, proteins involved in 

autophagy, ER-Golgi transport, the ubiquitin- proteasomal degradation pathway, 

ROS regulation, oxidative stress, and metabolism were altered. Cytoskeleton, 

mRNA/DNA processing, nuclear, and cell cycle control proteins were also altered 

(Tables 1-3). miR-140-5p for instance upregulated; IKIP, an inhibitor of NFκB, 

GBRAP, an autophagy marker, DHC24, a protein that protects cells against 

oxidative stress and apoptosis, and WNT5A, a transcriptional factor that plays an 

essential role in chondrocyte differentiation during development via inducing 

SOX9 expression. miR-140-5p also downregulated proteins with undesirable 

effects on chondrogenesis or OA-development like STA5A which has been 

associated with chondrocyte hypertrophy
244

. Also C1R which has been reported to 
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be upregulated in the synovial fluid of OA patients
245

 and OA porcine models
246

. 

More details on altered protein expression by miR-140-5p can be found in Paper I. 

miR-140-3p had similar beneficial effects like those of miR-140-5p. It also 

downregulated STA5A and C1R and upregulated IASPP, an NFκB inhibitor 

giving an overall anti-inflammatory effect. Moreover, miR-140-3p downregulated 

LTOR5, an activator of the potent autophagy inhibitor mTORC1 suggesting a pro-

autophagy effect. It also upregulated DDAH1 an enzyme that reduces oxidative 

stress
247

. Finally, miR-146a downregulated several proteins involved in immune 

responses and inflammation including the NFκB activators RIPK2, TAP1, SEP10, 

and STAT2. miR-146a also led to downregulation of proteins involved in ROS 

generation, like the pro-apoptotic QORX. Refer to Paper I for all the proteins 

altered by the three miRNAs. 

Autophagy is an essential mechanism that ensures cellular homeostasis by 

degrading old and damaged cellular components and recycling of macromolecules. 

The consequence of reduced autophagy and other degradation pathways is 

production of ROS, which may lead to DNA damage and ultimately cell death. 

Reduced autophagy, accumulation of dysfunctional organelles and/or proteins and 

increased ROS production has been reported in OA chondrocytes in several 

studies
248–252

. While enhancing autophagy was shown to be chondro-protective in a 

mouse model of OA
250

. This suggests that altered autophagy is involved in OA 

development. Our data showed a pro-autophagy tendency for all three miRNAs. 

GBRAP, an autoghagy marker and a member of the Autophagy-related protein 8 

(ATG8) family, which is crucial for autophagosome formation and degradation of 

cytosolic cargo, was upregulated by miR-140-5p. We detected autophagic flux by 

western blot, evident by the conversion of GBRAP from the type I to type II form 

involved in autophagosome biogenesis. miR-140-5p led to more accumulation of 

GBRAPII compared to control. However, when stimulated with cytokines, the 

effect was reduced. A pro-autophagic role of miR-140-5p is consistent with 

previous findings where miR-140-5p promoted autophagy in human 

chondrocytes
253

. A pro-autophagic effect of miR-140-5p has also been 



53 

demonstrated in other cell types
197–199

. And miR-140-3p downregulated LTOR5 

(anti-autophagy protein) as introduced previously. Autophagy is closely linked 

with the ER-Golgi and proteasomal degradation systems. miR-140-5p, miR-140-

3p, and miR-146a led to both upregulation and downregulation of several proteins 

involved in these processes, perhaps suggesting a regulatory role to establish 

homeostatic control. Also, ROS and oxidative stress proteins were affected by the 

three miRNAs. miR-140-5p upregulated the previously introduced enzyme 

DHC24 that protects cells against oxidative stress and apoptosis by reducing 

caspase 3 activity
254

. Interestingly, this protein is also important in cartilage and 

skeletal development, as mutations within this gene lead to severe developmental 

abnormalities, including short limbs
255

. A report
256

 showed that bones from 

DHC24 KO-mice lacked proliferating chondrocytes in the growth plate and 

showed abnormal hypertrophy of prehypertrophic chondrocytes. In addition, H2O2-

induced hypertrophy was prevented by lentiviral delivery of DHC24. Thus, miR-

140-5p might protect the cells from ROS through upregulation of DHC24. DHC24 

was validated by qRT-PCR to be upregulated in all three donors. miR-140-3p may 

protect against oxidative stress by upregulating the enzyme DDAH1, introduced 

previously. It was demonstrated that DDAH1 deficiency increased oxidative stress 

and led to increased kidney fibrosis in mice. DDAH1 mRNA upregulation was 

validated by qRT-PCR in two donors. QORX downregulated by miR-146a was 

shown to accumulate ROS both in vitro and in vivo when overexpressed
257

. Its 

downregulation in our data might suggest that miR146a protects chondrocytes 

from excessive ROS formation. QORX (TP5313) mRNA showed downregulation 

in two donors. 

In summary, all three miRNAs showed an overall inhibitory effect on 

inflammation which is favorable for the prevention of OA and/or stopping further 

degradation after disease onset. Moreover, the three miRNAs altered in a desirable 

manner other important biological processes that are known to be disturbed in OA.  

Trauma to the joint as introduced in section 1.3.3 stimulates the release ROS that 

induce chondrocyte death and activation of stress-induced kinases that upregulate 



54 

MMP13, ADAMTS5, and TNFα
66,67

. 

I therefore believe that an early injection of these miRNAs post-trauma may 

protect cartilage against the generated ROS, inflammation and their destructive 

impact and thus restore cartilage homeostasis. 

5.2 Paper II 

In Paper II chondrocytes were cultured in our previously established and 

described in vitro OA simulating model
226

. We validated the functionality of the 

system by measuring the strong increase in cytokine mRNA expression (IL1B, IL6, 

IL8) and the matrix degrading enzyme MMP13, in addition to the induced 

expression of IL6 and IL8 protein in response to IL1β and TNFα (Figure 1b and 

c). Having confirmed the success of the inflammatory OA-model we over-

expressed our miRNAs of interest (miR-140-3p, 5' isomiR and 3' isomiR) and 

confirmed their successful overexpression (Figure 2). Next we studied the 

response of the miRNAs to the adverse inflammatory milieu mediated by IL1β and 

TNFα. Figure 3 shows that canonical miR-140-3p and its 3' isomiR exhibited a 

tendency to counteract the inflammation-induced expression of IL1β and IL8 

mRNAs and IL8 and IL6 protein compared to mock with notable donor variability. 

The 5' isomiR on the other hand, upregulated IL6 and IL8 protein compared to 

canonical miR-140-3p and the 3' isomiR, and almost always compared with the 

negative control (Figure 3b). We have included two controls; mock and the 

negative control sequence in these experiments, due to variability in the effect of 

the negative control sequence on IL6 protein levels observed in preliminary studies. 

The issue with negative controls is addressed in Paper III. 

As previously discussed in the section for methodological consideration, global 

proteomic analysis did not provide a considerable amount of information as the 

numbers of proteins detected were few. Having feared this due to our previous 

experience with proteomics analysis I performed the experiments in a way to 

ensure enough samples for proteomics, RNA sequencing and validation 
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experiments. RNA-seq provided more information and gave a comprehensible 

picture. 

 

The RNA-seq data showed that canonical miR-140-3p, 5' isomiR and 3' isomiR 

downregulated the expression of 37, 545, and 84 genes and upregulated the 

expression of 4, 102, and 11 genes, respectively. Gene Ontology (GO)-analysis of 

downregulated genes showed that all three miRNA sequences regulated the same 

or related biological processes (Figure 4a). Almost all GO-terms were related to 

immune responses such as type I interferon responses, innate immunity response, 

anti-viral response and defense responses to other pathogens suggesting that many 

of the same genes or gene families were targeted by the three miRNAs. 5' isomiRs 

showed a much larger target spectrum compared with the other two miRNAs. 

Some key molecules involved in immune response cascades were downregulated, 

which could partly explain the overall downregulation of the pathway or the 

downregulation of downstream molecules in the pathway. Examples of such key 

molecules are; IFNG, MYD88, DDX58, IRF1, 2, and 7, in addition to several HLA 

class I and II genes. Moreover, 5' isomiR also targeted a number of cartilage and 

matrix related genes including ACAN, MMP1, MMP12, ADAMTS4, FMOD and 

PRG4 suggesting a role for 5' miRNA in extracellular matrix organization and/or 

turnover. 

 

With the evident strong downregulation of immune genes, it has been difficult to 

explain why 5' isomiR in contrast to canonical miR-140-3p and 3' isomiR 

upregulated IL6 and IL8 protein. However the downregulation of negative 

regulators of these proteins by 5' isomiR provides perhaps a plausible explanation. 

SOCS3, a cytokine suppressor and a part of a negative feedback system regulating 

cytokine signal transduction
258–260

, together with ZC3H12D another negative 

regulator of IL6
261,262

 were both downregulated by 5'isomiR. Although IL6 is 

considered a strong pro-inflammatory cytokine, its role in OA is controversial
263

. It 

has been shown that chondrocytes produce IL6 during regeneration, and intra-

articular injection of IL6 in IL6-deficient mice reduced the loss of proteoglycans in 
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the acute phase of chronic joint inflammation
264

. This suggests a positive 

protective role for IL6 under adverse inflammatory signaling like that seen in OA. 

RT-qPCR analysis validated the RNA-seq data. We selected genes that were 

downregulated for validation with the exception of class II major 

histocompatibility complex transactivator (CIITA) and interferon beta (IFNB) that 

were not detected in the RNA-seq data. Particularly CIITA was included due to its 

regulatory role of HLA class II-region. RT-qPCR showed that CIITA was 

downregulated by all miRNAs but 5' isomiR exhibited the most potent effect. The 

same tendency applies for all the validated downregulated genes; they were 

downregulated by all three miRNAs however 5' isomiR showed the strongest and 

most consistent downregulation among the donors. This perhaps explains why the 

target spectrum of 5' isomiR was greater compared to the other two miRNAs. 

Moreover, this suggests that the miRNAs have more targets in common than what 

the RNA-seq data present. However, due to stringent statistical analysis some 

genes will be disqualified and thus not shown as significant. Statistical 

insignificance does not translate to biological insignificance, particularly when it 

comes to miRNAs that are known to be fine tuners. This presents another 

challenge related to data interpretation and future therapy approaches as these 

biological variations need to be taken into account. miRNAs have great potential 

in gene therapy but this kind of therapy will need to be more personalized. 

Also, CIITA that was strongly and consistently downregulated by 5' isomiR was not 

detected in the sequencing data which suggests that we are missing out on significant 

amount of information. However that is always the challenge with global data analysis. If 

a gene or a protein is not detected, is it not present or are we simply not able to detect it? 

This again emphasizes the importance of follow-up validation experiments. One thing is 

certain RNA sequencing provided a more informative picture than proteomics.  

5' isomiR exhibiting these strong downregulatory effects on CIITA the master regulator of 

HLA class II genes, thus a strong autoimmune risk locus candidate. The subsequent 

downregulation of those genes opens a door of possibilities for 5' isomiR to be used in 
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therapy for HLA-related autoimmune diseases like rheumatoid arthritis (RA) and multiple 

sclerosis as well as OA. Some CIITA variants have been associated with RA in 

Scandinavian population only
265

.

Recently while writing this paper, a new report that also looked at 5' isomiR 

(therein termed miR-140-3p.1) came to my attention. This study
266

 showed that 

overexpression of miR-140-3p.1 in a non-inflammatory system, led to the 

downregulation of 693 genes where 104 of them were also downregulated in our 

inflammatory system. Those 104 genes are involved in innate immune response, 

viral response and type I interferon signaling pathways. Moreover, the RNA-seq 

showed that 5' isomiR was more abundant compared to canonical miR-140-3p in 

cartilage and the overall data suggested that this particular isomiR is more 

effective than the canonical
266

. 

Clearly more research is needed to better understand the functions of miR-140-3p 

and its isomiRs, particularly 5' isomiR. Such knowledge will certainly be valuable 

especially in terms of more precise and effective therapy. 

5.3 Paper III 

Although this work was not originally intended to be a part of the thesis, the issues 

with the negative controls faced in the previous paper and several pilot studies had 

to be addressed. In this study we investigated different control sequences made 

using different miRNA synthesis technologies; Pre-miR miRNA Precursor and 

mirVana from Thermo Fisher Scientific. The former was used as a negative 

control in Paper I while the latter technology was used as control with its 

respective mimics in Paper II.  

Here chondrocytes were transfected with each RNA sequence (control) separately 

in three biological donors, and four days later stimulated with the inflammatory 

cytokines IL1β and TNFα to simulate the osteoarthritic milieu as previously 
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described. Additionally, we included a mock control (electroporated cells without 

the addition of RNA sequence) and a stimulated control (non-electroporated cells 

without the addition of RNA sequence). IL1β and TNFα upregulated all the 

cytokines investigated as expected (Figure 1). Mock upregulated IL6 and to a 

lesser extent IL8 protein levels, compared to the stimulated control, although with 

notable donor variation. Pre-neg #1 of the Pre-miR miRNA Precursor technology  

seemed to strongly upregulate IL6 and IL8 or bring them to similar levels of that 

of mock control with variability among the donors. mirVana-neg consistently 

downregulated IL6 and IL8 in all donors and exhibited a pattern of effect similar to 

that of the stimulated control (Figure 1a). There were no consistent differences 

observed at IL1B, IL6, IL8 and TNF mRNA levels, though an upregulatory 

tendency of IL1B in two of the donors by Pre-neg #1 was seen (Figure 1b). 

 

In the pursuit of explanation as to whether the effects seen on IL8 and IL6 

mediated by these two controls were due to their chemical modifications, 

particular sequence or both, we looked at additional control sequences produced by 

the same manufacturer. Pre-neg #2, which has the same chemical modifications as 

Pre-neg #1 but differs in sequence, and Pre-neg*, which shares sequence with Pre-

neg #1 but has the same chemical modification as mirVana-neg. Unfortunately as 

both the type of chemical modifications and the sequences are company properties, 

they remain unknown. Also here, mock control upregulated IL6 and IL8 protein 

levels (Figure 2) and Pre-neg #1 upregulated those two interleukins even further. 

Pre-neg #2 showed differential effects on IL6 in the two donors, and did not affect 

IL8 compared with mock. mirVana-neg again had a consistent downregulatory 

effect on both IL6 and IL8 as previously observed in Figure 1a. Finally, Pre-neg* 

showed downregulatory effects on IL6 and IL8 similar to mirVana-neg (Figure 2). 

Compared with mock the upregulatory effect of Pre-neg #1 on IL6 and IL8 

depended both on modification and sequence, while the downregulatory effect of 

mirVana-neg and Pre-neg* depended predominantly on the type of chemical 

modification. 
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We further investigated the expression of key receptors and other up-stream 

molecules involved in the innate immune response that we hoped could explain the 

effects on IL6 and IL8 mediated by these controls. We checked the following in 

donor one; some pattern recognition receptors (PPRs) that respond to foreign RNA 

and further mediate the inflammatory signal; TLR8,7, and 3 and some of their 

downstream mediators TRIF, MYD88, IRF3, OAS2, two intracellular PRRs that 

also respond to RNA and elicit an immune response; DDX58, PKR, cytokines 

including IL6 and IL8 but also IL1B, TNF, CXCL10 and CCL5, and finally a pro-

inflammatory (IL1β) induced gene PTGES. TLR7/8 were not detected and thus not 

included in Figure 3. Although there are not big differences in gene expression 

between the controls, mirVana-neg and Pre-neg* seem to affect the selected genes 

similarly (Figure 3). Sharing the same chemical modifications could perhaps 

explain their similar effects on the mRNA expression of the selected genes and the 

protein expression of IL6 and IL8. Pre-neg #1 also showed a tendency to 

upregulate IL1B and CXCL10, and downregulate OAS2. However, none of these 

observations could explain why pre-neg #1 led to upregulation of IL6 and IL8, and 

why mirVana-neg led to the opposite. We therefore performed proteomics analysis 

on the first three donors, and to our surprise there were few proteins altered 

between the samples. The biggest difference was between the samples in terms of 

the number of proteins altered, was in fact between the electroporated samples 

containing an RNA sequence (mirVana-neg, Pre-neg#1 controls) and the 

unelectroporated control (stimulated), indicating the effect of transfection of RNA 

into the cell. This also suggests that the control sequences fortunately do not 

exhibit off-target effects on a global scale, but rather have specific effects on IL6 

and IL8. However, how those effects are mediated remains to be explained.  

There are several limitations with this work. Firstly the issue of the correct time 

point. We checked for upstream inflammatory mediators 24 hours after stimulation 

with the inflammatory cytokines IL1β and TNFα. Perhaps it is already too late to 

see an effect on those molecules as the signal might be transmitted fast. Optimally, 

we should have had several time points and preferably earlier; after 30 min, 1 hour, 



60 

3 hours and 6 hours in addition to after 24 hours. Secondly, these mRNA 

expression data are from one donor. Having two additional donors could perhaps 

clarify whether those minor to no differences in the expression of these genes in 

the various conditions, is in fact valid or whether there is great donor variability. 

Since these are biological donors there will certainly always be notable variations 

among the donors. However, I do not believe that donor variability here would be 

so big that we would see a completely different pattern of gene expression by 

adding two additional donors. Thirdly, the data shown in Figure 3 is mRNA 

expression data and I have not investigated the protein expression yet. As it is well 

known that there is a discrepancy between mRNA and protein, a fact that has been 

recurrent in this thesis. Perhaps the protein level of these upstream molecules is 

considerably altered compared to their mRNA, such as the case of IL6 and IL8 in 

Figure 1. 

Finally, as discussed previously cytokines, transcriptions factors and small 

molecules are difficult to detect. The fact that they usually have low molecular 

weight, which make them provide less peptides in addition to existing in low 

abundance, make those peptides impossible to detect without enrichment or 

prefractionation
239,267

. For example, the concentrations of serum albumin and IL6 

in human plasma differ by ten orders of magnitude
239

. This explains why the 

proteomics analysis was not able to detect IL6, 1L8, IL1, other cytokines, 

chemokines and transcription factors that could perhaps explain why those control 

sequences alter IL6 and IL8 protein in this manner. This again emphasizes the 

limitation of proteomics and the need for caution in conclusion drawing and 

validation experiments.  

miRNAs having numerous targets simultaneously, some of which are transcription 

factors and regulatory molecules, are capable of altering complex networks
218

. 

This makes them a double-edged sword and might make avoiding immunological 

off-target effects extremely difficult. Thus, although miRNAs are short sequences, 

their multi-regulatory property might foster uncontrollable effects. Here we report 
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immunological off-target effects of miRNA negative control sequences delivered 

to the cells through electroporation in an inflammatory in vitro model. These 

negative control sequences should ideally not alter gene expression, as this can 

have a great impact on interpretation of the results.  

In terms of therapy siRNAs on the other hand are highly specific and can be potent 

gene silencers with only one mRNA target and thus harbor great therapeutical 

potential, but such therapies will be limited to elimination of target proteins
218

. 

The miRNA-based drug discovery process has so far been challenging, as is 

reflected by the limited number of drug candidates undergoing clinical trials
219–221

. 

Nonetheless, miRNA and their inhibitors (antagomiRs) provide a therapeutic 

opportunity for not only eliminating proteins but also restoring their physiological 

levels and thus should be considered as the future of RNAi therapies
222

. It is 

therefore highly relevant to consider and assess for immunological off-target 

effects and/or other undesirable effects that might arise of using miRNAs as 

therapeutical agents.  

6 Concluding remarks and future perspectives 

A tremendous amount of time in this PhD was dedicated to animal studies that 

unfortunately have not been fruitful within this period and thus not included here. 

One of the original aims of the thesis was to further take the knowledge gained 

about miR-140 function in the inflammatory model in vitro and perform similar 

experiments in vivo. In order to study the effects miR-140 has on OA in vivo 

(mice), we first needed to induce the disease by injecting a matrix degrading-

enzyme (collagenase type 2) into the knee joints of the animals (NFκB-luciferase 

mice). This would induce an inflammatory response and degradation of knee-

cartilage that can be monitored and measured by luminesence. Further, we would 

treat the mice with miR-140 and see how the treatment affects the inflammatory 

response and whether treatment hampers inflammation and enhances cartilage 
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anabolism. At the end stage of the experiment we would need to do some post-

mortem analysis to asses for the degree of protection miR-140 provides.  

Unfortunately, this model was not successful as it was difficult to ensure 

reproducibility in the induced injuries. Although the animals are isogenic, there 

was big variation between the animals and variation in injury between the two 

knees in one animal. We therefore decided to change the animal model to Dunkin 

Hartely guinea pigs that develop OA spontaneously. This way we overcome the 

challenge of disease induction and reproducibility. Together with collaborators in 

the USA we will be following up this study, and hopefully this model will prove to 

be more successful than the previous one.  



63 

References 

1. Karlsen TA. In vitro chondrogenesis The role of microRNAs during

differentiation and dedifferentiation Doctoral thesis. 2013.

2. Hunziker EB, Quinn TM, Häuselmann HJ. Quantitative structural

organization of normal adult human articular cartilage. Osteoarthr Cartil.

2002;10(7):564-572. doi:10.1053/joca.2002.0814

3. Shepherd DET, Seedhom BB. Thickness of human articular cartilage in

joints of the lower limb. Ann Rheum Dis. 1999;58(1):27-34.

doi:10.1136/ard.58.1.27

4. Seibel, M.J., Robins, S.P. and Bilezikian JP. Dynamics of Bone and

Cartilage Metabolism - 2nd Edition. 2ND ed. Academic Press; 2006.

https://www.elsevier.com/books/dynamics-of-bone-and-cartilage-

metabolism/seibel/978-0-12-088562-6. Accessed October 26, 2020.

5. Poole AR, Kojima T, Yasuda T, Mwale F, Kobayashi M, Laverty S.

Composition and structure of articular cartilage: a template for tissue repair.

Clin Orthop Relat Res. 2001;1(391 Suppl):S26-S33. doi:11603710

6. Kempson GE, Muir H, Pollard C, Tuke M. The tensile properties of the

cartilage of human femoral condyles related to the content of collagen and

glycosaminoglycans. BBA - Gen Subj. 1973;297(2):456-472.

doi:10.1016/0304-4165(73)90093-7

7. Eyre DR, Weis MA, Wu JJ. Articular cartilage collagen: An irreplaceable

framework? Eur Cells Mater. 2006;12:57-63. doi:10.22203/eCM.v012a07

8. Tom M. A Primer in Cartilage Repair and Joint Preservation of the Knee -

1st Edition. https://www.elsevier.com/books/a-primer-in-cartilage-repair-

and-joint-preservation-of-the-knee/9781416066545. Published 2011.

Accessed October 26, 2020.

9. Curl WW, Krome J, Gordon ES, Rushing J, Smith BP, Poehling GG.

Cartilage injuries: A review of 31,516 knee arthroscopies. Arthroscopy.

1997;13(4):456-460. doi:10.1016/S0749-8063(97)90124-9

10. Widuchowski W, Widuchowski J, Trzaska T. Articular cartilage defects:

Study of 25,124 knee arthroscopies. Knee. 2007;14(3):177-182.



64 

doi:10.1016/j.knee.2007.02.001 

11. Hjelle K, Solheim E, Strand T, Muri R, Brittberg M. Articular cartilage

defects in 1,000 knee arthroscopies. Arthroscopy. 2002;18(7):730-734.

doi:10.1053/jars.2002.32839

12. Åroøen A, Løken S, Heir S, et al. Articular Cartilage Lesions in 993

Consecutive Knee Arthroscopies. Am J Sports Med. 2004;32(1):211-215.

doi:10.1177/0363546503259345

13. Brittberg M, Lindahl A, Nilsson A, Ohlsson C, Isaksson O, Peterson L.

Treatment of Deep Cartilage Defects in the Knee with Autologous

Chondrocyte Transplantation. N Engl J Med. 1994;331(14):889-895.

doi:10.1056/nejm199410063311401

14. Brittberg M. Cell carriers as the next generation of cell therapy for cartilage

repair: A review of the matrix-induced autologous chondrocyte implantation

procedure. Am J Sports Med. 2010;38(6):1259-1271.

doi:10.1177/0363546509346395

15. Holtzer H, Abbott J, Lash J, Holtzer S. THE LOSS OF PHENOTYPIC

TRAITS BY DIFFERENTIATED CELLS IN VITRO, I.

DEDIFFERENTIATION OF CARTILAGE CELLS. Proc Natl Acad Sci.

1960;46(12):1533-1542. doi:10.1073/pnas.46.12.1533

16. Binette F, Mcquaid DP, Haudenschild DR, Yaeger PC, Mcpherson JM,

Tubo R. Expression of a Stable Articular Cartilage Phenotype without

Evidence of Hypertrophy by Adult Human Articular Chondrocytes In Vitro.

Vol 16.

17. Knutsen G, Drogset JO, Engebretsen L, et al. A Randomized Trial

Comparing Autologous Chondrocyte Implantation with Microfracture. J

Bone Jt Surg. 2007;89(10):2105-2112. doi:10.2106/JBJS.G.00003

18. Steadman JR, Rodkey WG, Briggs KK. Microfracture: Its history and

experience of the developing surgeon. Cartilage. 2010;1(2):78-86.

doi:10.1177/1947603510365533

19. Steadman JR, Rodkey WG, Rodrigo JJ. Microfracture: Surgical technique

and rehabilitation to treat chondral defects. In: Clinical Orthopaedics and



65 

 

Related Research. Lippincott Williams and Wilkins; 2001. 

doi:10.1097/00003086-200110001-00033 

20.  Hambly K, Silvers HJ, Steinwachs M. Rehabilitation after Articular 

Cartilage Repair of the Knee in the Football (Soccer) Player. Cartilage. 

2012;3(1 SUPPL.):50S. doi:10.1177/1947603511413569 

21.  Goldring MB, Goldring SR. Articular cartilage and subchondral bone in the 

pathogenesis of osteoarthritis. In: Annals of the New York Academy of 

Sciences. Vol 1192. Blackwell Publishing Inc.; 2010:230-237. 

doi:10.1111/j.1749-6632.2009.05240.x 

22.  Sellam J, Berenbaum F. The role of synovitis in pathophysiology and 

clinical symptoms of osteoarthritis. Nat Rev Rheumatol. 2010;6(11):625-635. 

doi:10.1038/nrrheum.2010.159 

23.  Heidari B. Knee osteoarthritis prevalence, risk factors, pathogenesis and 

features: Part I. Casp J Intern Med. 2011;2(2):205-212. 

24.  Osteoarthritis Research Society, International. Osteoarthritis: A Serious 

Disease.; 2016. 

25.  Lawrence RC, Felson DT, Helmick CG, et al. Estimates of the prevalence of 

arthritis and other rheumatic conditions in the United States. Part II. Arthritis 

Rheum. 2008;58(1):26-35. doi:10.1002/art.23176 

26.  Kremers HM, Larson DR, Crowson CS, et al. Prevalence of total hip and 

knee replacement in the United States. J Bone Jt Surg - Am Vol. 

2014;97(17):1386-1397. doi:10.2106/JBJS.N.01141 

27.  Osteoarthritis Action Alliance. OA Prevalence & Burden Osteoarthritis 

Prevention and Management in Primary Care. https://www.cdc.gov/. 

Accessed October 28, 2020. 

28.  Furnes O, Hallan G, Kroken G, Anne OG, Fenstad M. Nasjonalt Register for 

Leddproteser Årsrapport for 2018 Med Plan for Forbedringstiltak. 

https://www.kvalitetsregistre.no/artikkel/stadieinndeling. Accessed October 

28, 2020. 

29.  Bergen H. Norwegian National Advisory Unit on Arthroplasty and Hip 

Fractures Norwegian Arthroplasty Register Norwegian Cruciate Ligament 



66 

 

Register Norwegian Hip Fracture Register Norwegian Paediatric Hip 

Register. In: ; 2018. http://nrlweb.ihelse.net. Accessed October 28, 2020. 

30.  Srikanth VK, Fryer JL, Zhai G, Winzenberg TM, Hosmer D, Jones G. A 

meta-analysis of sex differences prevalence, incidence and severity of 

osteoarthritis. Osteoarthr Cartil. 2005;13(9):769-781. 

doi:10.1016/j.joca.2005.04.014 

31.  Zhang Y, Jordan JM. Epidemiology of osteoarthritis. Clin Geriatr Med. 

2010;26(3):355-369. doi:10.1016/j.cger.2010.03.001 

32.  Johnson VL, Hunter DJ. The epidemiology of osteoarthritis. Best Pract Res 

Clin Rheumatol. 2014;28(1):5-15. doi:10.1016/j.berh.2014.01.004 

33.  Valderrabano V, Steiger C. Treatment and prevention of osteoarthritis 

through exercise and sports. J Aging Res. 2011;2011. 

doi:10.4061/2011/374653 

34.  March Lyn CM. Epidemiology and risk factors for osteoarthritis - UpToDate. 

https://www.uptodate.com/contents/epidemiology-and-risk-factors-for-

osteoarthritis/print. Accessed October 29, 2020. 

35.  Neogi T, Zhang Y. Epidemiology of Osteoarthritis. Rheum Dis Clin North 

Am. 2013;39(1):1-19. doi:10.1016/j.rdc.2012.10.004 

36.  Allen KD, Golightly YM. State of the evidence. Curr Opin Rheumatol. 

2015;27(3):276-283. doi:10.1097/BOR.0000000000000161 

37.  Neogi T. The epidemiology and impact of pain in osteoarthritis. Osteoarthr 

Cartil. 2013;21(9):1145-1153. doi:10.1016/j.joca.2013.03.018 

38.  Jin X, Wang BH, Wang X, et al. Associations between endogenous sex 

hormones and MRI structural changes in patients with symptomatic knee 

osteoarthritis. Osteoarthr Cartil. 2017;25(7):1100-1106. 

doi:10.1016/j.joca.2017.01.015 

39.  Warnera SC, Valdesa AM. Genetic association studies in osteoarthritis: Is it 

fairytale? Curr Opin Rheumatol. 2017;29(1):103-109. 

doi:10.1097/BOR.0000000000000352 

40.  Spector TD, Cicuttini F, Baker J, Loughlin J, Hart D. Genetic Influences on 

Osteoarthriids in Women: A Twin Study. 



67 

 

41.  Spector TD, MacGregor AJ. Risk factors for osteoarthritis: Genetics. 

Osteoarthr Cartil. 2004;12(SUPLL.):39-44. doi:10.1016/j.joca.2003.09.005 

42.  Wright GD, Hughes AE, Regan M, Doherty M. CONCISE REPORTS 

Association of Two Loci on Chromosome 2q with Nodal Osteoarthritis. Vol 

55.; 1996. 

43.  Merlotti D, Santacroce C, Gennari L, et al. HLA antigens and primary 

osteoarthritis of the hand. J Rheumatol. 2003;30(6):1298-1304. 

44.  Styrkarsdottir U, Thorleifsson G, Helgadottir HT, et al. Severe osteoarthritis 

of the hand associates with common variants within the ALDH1A2 gene and 

with rare variants at 1p31. Nat Genet. 2014;46(5):498-502. 

doi:10.1038/ng.2957 

45.  Chu M, Zhu X, Wang C, et al. The rs4238326 polymorphism in ALDH1A2 

gene potentially associated with non-post traumatic knee osteoarthritis 

susceptibility: a two-stage population-based study. Osteoarthr Cartil. 

2017;25(7):1062-1067. doi:10.1016/j.joca.2017.01.003 

46.  Jiang L, Xie X, Wang Y, et al. Body Mass Index and Hand Osteoarthritis 

Susceptibility: An Updated Meta-Analysis.; 2016. doi:10.1111/1756-

185X.12895 

47.  Visser AW, Ioan-Facsinay A, de Mutsert R, et al. Adiposity and hand 

osteoarthritis: The Netherlands Epidemiology of Obesity study. Arthritis Res 

Ther. 2014;16(1):R19. doi:10.1186/ar4447 

48.  Gómez R, Conde J, Scotece M, Gómez-Reino JJ, Lago F, Gualillo O. 

What’s new in our understanding of the role of adipokines in rheumatic 

diseases? Nat Rev Rheumatol. 2011;7(9):528-536. 

doi:10.1038/nrrheum.2011.107 

49.  King LK, March L, Anandacoomarasamy A. Obesity & osteoarthritis. 

Indian J Med Res. 2013;138(AUG):185-193. 

/pmc/articles/PMC3788203/?report=abstract. Accessed October 29, 2020. 

50.  Muthuri SG, Hui M, Doherty M, Zhang W. What if we prevent obesity? 

Risk reduction in knee osteoarthritis estimated through a meta-analysis of 

observational studies. Arthritis Care Res. 2011;63(7):982-990. 



68 

doi:10.1002/acr.20464 

51. Mezhov V, Ciccutini FM, Hanna FS, et al. Does obesity affect knee cartilage?

A systematic review of magnetic resonance imaging data. Obes Rev. 

2014;15(2):143-157. doi:10.1111/obr.12110 

52. Palazzo C, Nguyen C, Lefevre-Colau MM, Rannou F, Poiraudeau S. Risk

factors and burden of osteoarthritis. Ann Phys Rehabil Med. 2016;59(3):134-

138. doi:10.1016/j.rehab.2016.01.006

53. Suter LG, Smith SR, Katz JN, et al. Projecting Lifetime Risk of

Symptomatic Knee Osteoarthritis and Total Knee Replacement in

Individuals Sustaining a Complete Anterior Cruciate Ligament Tear in Early

Adulthood. Arthritis Care Res. 2017;69(2):201-208. doi:10.1002/acr.22940

54. Vina ER, Kwoh CK. Epidemiology of Osteoarthritis: Literature Update.

doi:10.1097/BOR.0000000000000479

55. Silverwood V, Blagojevic-Bucknall M, Jinks C, Jordan JL, Protheroe J,

Jordan KP. Current evidence on risk factors for knee osteoarthritis in older

adults: A systematic review and meta-analysis. Osteoarthr Cartil.

2015;23(4):507-515. doi:10.1016/j.joca.2014.11.019

56. Roemer FW, Kwoh CK, Hannon MJ, et al. Partial meniscectomy is

associated with increased risk of incident radiographic osteoarthritis and

worsening cartilage damage in the following year. Eur Radiol.

2017;27(1):404-413. doi:10.1007/s00330-016-4361-z

57. Cerejo R, Dunlop DD, Cahue S, Channin D, Song J, Sharma L. The

Influence of Alignment on Risk of Knee Osteoarthritis Progression

According to Baseline Stage of Disease. ARTHRITIS Rheum.

2002;46(10):2632-2636. doi:10.1002/art.10530

58. Philippon M, Schenker M, Briggs K, Kuppersmith D. Femoroacetabular

impingement in 45 professional athletes: associated pathologies and return to

sport following arthroscopic decompression. Knee Surg Sports Traumatol

Arthrosc. 2007;15(7):908-914. doi:10.1007/s00167-007-0332-x

59. Sandell LJ. Etiology of osteoarthritis: Genetics and synovial joint

development. Nat Rev Rheumatol. 2012;8(2):77-89.



69 

 

doi:10.1038/nrrheum.2011.199 

60.  Berenbaum F, Sellam J, Berenbaum F. the role of synovitis in 

pathophysiology and clinical symptoms of osteoarthritis. Nat Rev Rheumatol. 

2010;6(510). doi:10.1038/nrrheum.2010.159 

61.  Goldring MB, Otero M. Inflammation in osteoarthritis. Curr Opin 

Rheumatol. 2011;23(5):471-478. doi:10.1097/BOR.0b013e328349c2b1 

62.  Catterall JB, Stabler T V, Flannery CR, Kraus VB. Changes in Serum and 

Synovial Fluid Biomarkers after Acute Injury (NCT00332254).; 2010. 

doi:10.1186/ar3216 

63.  Lotz MK. New developments in osteoarthritis. Posttraumatic osteoarthritis: 

Pathogenesis and pharmacological treatment options. Arthritis Res Ther. 

2010;12(3):211. doi:10.1186/ar3046 

64.  Goldring MB, Goldring SR. Osteoarthritis. J Cell Physiol. 2007;213(3):626-

634. doi:10.1002/jcp.21258 

65.  Gobezie R, Kho A, Krastins B, et al. High abundance synovial fluid 

proteome: Distinct profiles in health and osteoarthritis. Arthritis Res Ther. 

2007;9(2):R36. doi:10.1186/ar2172 

66.  Ding L, Heying E, Nicholson N, et al. Mechanical impact induces cartilage 

degradation via mitogen activated protein kinases. Osteoarthr Cartil. 

2010;18(11):1509-1517. doi:10.1016/j.joca.2010.08.014 

67.  Goodwin W, McCabe D, Sauter E, et al. Rotenone prevents impact-induced 

chondrocyte death. J Orthop Res. 2010;28(8):1057-1063. 

doi:10.1002/jor.21091 

68.  Goldring1 MB, * MO, Plumb1 DA, , Cecilia Dragomir1 , Marta Favero1 

KEH, Hashimoto1 K, , Helmtrud I. Roach§ , Eleonora Olivotto2 RMB 2 and 

KBM. ROLES OF INFLAMMATORY AND ANABOLIC CYTOKINES 

IN OSTEOARTHRITIS, METABOLISM: SIGNALS AND MULTIPLE 

EFFECTORS CONVERGE UPON MMP-13 REGULATION INo Title). 

2011. doi:10.22203/eCM.v021a16 

69.  Marcu KB, Otero M, Olivotto E, Borzi RM, Goldring MB. NF-kappaB 

signaling: multiple angles to target OA. Curr Drug Targets. 2010;11(5):599-



70 

 

613. http://www.ncbi.nlm.nih.gov/pubmed/20199390. Accessed November 

4, 2020. 

70.  Miyaki S, Sato T, Inoue A, et al. MicroRNA-140 plays dual roles in both 

cartilage development and homeostasis. Genes Dev. 2010;24(11):1173-1185. 

doi:10.1101/gad.1915510 

71.  Li X, Gibson G, Kim JS, et al. MicroRNA-146a is linked to pain-related 

pathophysiology of osteoarthritis. Gene. 2011;480(1-2):34-41. 

doi:10.1016/j.gene.2011.03.003 

72.  Akhtar N, Rasheed Z, Ramamurthy S, Anbazhagan AN, Voss FR, Haqqi 

TM. MicroRNA-27b regulates the expression of matrix metalloproteinase 13 

in human osteoarthritis chondrocytes. Arthritis Rheum. 2010;62(5):1361-

1371. doi:10.1002/art.27329 

73.  Takahashi Y, Haga S, Ishizaka Y, Mimori A. Research article Plasma and 

synovial fluid microRNAs as potential biomarkers of rheumatoid arthritis 

and osteoarthritis. Arthritis Res Ther. 2010;12(3):R86. doi:10.1186/ar3013 

74.  Dudek K a, Lafont JE, Martinez-Sanchez A, Murphy CL. Type II collagen 

expression is regulated by tissue-specific miR-675 in human articular 

chondrocytes. J Biol Chem. 2010;285(32):24381-24387. 

doi:10.1074/jbc.M110.111328 

75.  Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 

encodes small RNAs with antisense complementarity to lin-14. Cell. 

1993;75(5):843-854. doi:10.1016/0092-8674(93)90529-Y 

76.  Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the 

heterochronic gene lin-14 by lin-4 mediates temporal pattern formation in C. 

elegans. Cell. 1993;75(5):855-862. doi:10.1016/0092-8674(93)90530-4 

77.  Moss EG, Lee RC, Ambros V. The cold shock domain protein LIN-28 

controls developmental timing in C. elegans and is regulated by the lin-4 

RNA. Cell. 1997;88(5):637-646. doi:10.1016/S0092-8674(00)81906-6 

78.  O’Brien J, Hayder H, Zayed Y, Peng C. Overview of microRNA biogenesis, 

mechanisms of actions, and circulation. Front Endocrinol (Lausanne). 

2018;9(AUG):402. doi:10.3389/fendo.2018.00402 



71 

79. Friedman RC, Kai-How Farh K, Burge CB, Bartel DP. Most mammalian

mRNAs are conserved targets of microRNAs. doi:10.1101/gr.082701.108

80. Bartel DP. Metazoan MicroRNAs. Cell. 2018;173(1):20-51.

doi:10.1016/j.cell.2018.03.006

81. Hinton A, Hunter S, Reyes G, Fogel GB, King CC. From Pluripotency to

Islets. MiRNAs as Critical Regulators of Human Cellular Differentiation. In:

Advances in Genetics. Vol 79. Academic Press Inc.; 2012:1-34.

doi:10.1016/B978-0-12-394395-8.00001-3

82. Oglesby IK, McElvaney NG, Greene CM. MicroRNAs in inflammatory lung

disease - master regulators or target practice? Respir Res. 2010;11(1):148.

doi:10.1186/1465-9921-11-148

83. Ambros V. MicroRNAs and developmental timing. Curr Opin Genet Dev.

2011;21(4):511-517. doi:10.1016/j.gde.2011.04.003

84. Jovanovic M, Hengartner MO. miRNAs and apoptosis: RNAs to die for.

Oncogene. 2006;25(46):6176-6187. doi:10.1038/sj.onc.1209912

85. Takamizawa J, Konishi H, Yanagisawa K, et al. Reduced expression of the

let-7 microRNAs in human lung cancers in association with shortened

postoperative survival. Cancer Res. 2004;64(11):3753-3756.

doi:10.1158/0008-5472.CAN-04-0637

86. Xu Q, Seeger FH, Castillo J, et al. Micro-RNA-34a contributes to the

impaired function of bone marrow-derived mononuclear cells from patients

with cardiovascular disease. J Am Coll Cardiol. 2012;59(23):2107-2117.

doi:10.1016/j.jacc.2012.02.033

87. Liu C-J, Liu C. MicroRNAs in skeletogenesis. Front Biosci (Landmark Ed.

2009;14:2757-2764. http://www.ncbi.nlm.nih.gov/pubmed/19273234.

Accessed August 15, 2018.

88. Ropers HH. X-linked mental retardation: many genes for a complex disorder.

Curr Opin Genet Dev. 2006;16(3):260-269. doi:10.1016/j.gde.2006.04.017 

89. Yu X-M, Meng H-Y, Yuan X-L, et al. MicroRNAs’ Involvement in

Osteoarthritis and the Prospects for Treatments. Evidence-Based

Complement Altern Med. 2015;2015:1-13. doi:10.1155/2015/236179



72 

 

90.  Saba R, Sorensen DL, Booth S a. MicroRNA-146a: A Dominant, Negative 

Regulator of the Innate Immune Response. Front Immunol. 

2014;5(November):578. doi:10.3389/fimmu.2014.00578 

91.  Krek A, Grün D, Poy MN, et al. Combinatorial microRNA target predictions. 

2005. doi:10.1038/ng1536 

92.  Lim LP, Lau NC, Garrett-Engele P, et al. Microarray analysis shows that 

some microRNAs downregulate large numbers of-target mRNAs. Nature. 

2005;433(7027):769-773. doi:10.1038/nature03315 

93.  Lee Y, Jeon K, Lee JT, Kim S, Kim VN. MicroRNA maturation: Stepwise 

processing and subcellular localization. EMBO J. 2002;21(17):4663-4670. 

doi:10.1093/emboj/cdf476 

94.  Nguyen TA, Jo MH, Choi YG, et al. Functional anatomy of the human 

microprocessor. Cell. 2015;161(6):1374-1387. 

doi:10.1016/j.cell.2015.05.010 

95.  Grishok A, Pasquinelli AE, Conte D, et al. Genes and mechanisms related to 

RNA interference regulate expression of the small temporal RNAs that 

control C. elegans developmental timing. Cell. 2001;106(1):23-34. 

doi:10.1016/S0092-8674(01)00431-7 

96.  Hutvágner G, McLachlan J, Pasquinelli AE, Bálint É, Tuschl T, Zamore PD. 

A cellular function for the RNA-interference enzyme dicer in the maturation 

of the let-7 small temporal RNA. Science (80- ). 2001;293(5531):834-838. 

doi:10.1126/science.1062961 

97.  Bernstein E, Caudy AA, Hammond SM, Hannon GJ. Role for a bidentate 

ribonuclease in the initiation step of RNA interference. Nature. 

2001;409(6818):363-366. doi:10.1038/35053110 

98.  Zhang H, Kolb FA, Jaskiewicz L, Westhof E, Filipowicz W. Single 

processing center models for human Dicer and bacterial RNase III. Cell. 

2004;118(1):57-68. doi:10.1016/j.cell.2004.06.017 

99.  Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol. 

2014;15(8):509-524. doi:10.1038/nrm3838 

100.  Gebert LFR, MacRae IJ. Regulation of microRNA function in animals. Nat 



73 

Rev Mol Cell Biol. 2019;20(1):21-37. doi:10.1038/s41580-018-0045-7 

101.  Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs 

Exhibit Strand Bias. Cell. 2003;115(2):209-216. doi:10.1016/S0092-

8674(03)00801-8 

102.  Schwarz DS, Hutvágner G, Du T, Xu Z, Aronin N, Zamore PD. Asymmetry 

in the Assembly of the RNAi Enzyme Complex. Cell. 2003;115(2):199-208. 

doi:10.1016/S0092-8674(03)00759-1 

103.  Frank F, Sonenberg N, Nagar B. Structural basis for 5′-nucleotide base-

specific recognition of guide RNA by human AGO2. Nature. 

2010;465(7299):818-822. doi:10.1038/nature09039 

104.  Suzuki HI, Katsura A, Yasuda T, et al. Small-RNA asymmetry is directly 

driven by mammalian Argonautes. Nat Struct Mol Biol. 2015;22(7):512-521. 

doi:10.1038/nsmb.3050 

105.  Bartel DP. MicroRNAs: Target Recognition and Regulatory Functions. Cell. 

2009;136(2):215-233. doi:10.1016/j.cell.2009.01.002 

106.  Agarwal V, Bell GW, Nam J-W, Bartel DP. Predicting effective microRNA 

target sites in mammalian mRNAs. doi:10.7554/eLife.05005.001 

107.  Grimson A, Farh KKH, Johnston WK, Garrett-Engele P, Lim LP, Bartel DP. 

MicroRNA Targeting Specificity in Mammals: Determinants beyond Seed 

Pairing. Mol Cell. 2007;27(1):91-105. doi:10.1016/j.molcel.2007.06.017 

108.  Baek D, Villén J, Shin C, Camargo FD, Gygi SP, Bartel DP. The impact of 

microRNAs on protein output. Nature. 2008;455(7209):64-71. 

doi:10.1038/nature07242 

109.  Eichhorn SW, Guo H, McGeary SE, et al. MRNA Destabilization Is the 

dominant effect of mammalian microRNAs by the time substantial 

repression ensues. Mol Cell. 2014;56(1):104-115. 

doi:10.1016/j.molcel.2014.08.028 

110.  Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC. The Mirtron Pathway 

Generates microRNA-Class Regulatory RNAs in Drosophila. Cell. 

2007;130(1):89-100. doi:10.1016/j.cell.2007.06.028 

111.  Ruby JG, Jan CH, Bartel DP. Intronic microRNA precursors that bypass 



74 

 

Drosha processing. Nature. 2007;448(7149):83-86. doi:10.1038/nature05983 

112.  Babiarz JE, Ruby JG, Wang Y, Bartel DP, Blelloch R. Mouse ES cells 

express endogenous shRNAs, siRNAs, and other microprocessor-

independent, dicer-dependent small RNAs. Genes Dev. 2008;22(20):2773-

2785. doi:10.1101/gad.1705308 

113.  Ender C, Krek A, Friedländer MR, et al. A Human snoRNA with 

MicroRNA-Like Functions. Mol Cell. 2008;32(4):519-528. 

doi:10.1016/j.molcel.2008.10.017 

114.  Pfeffer S, Sewer A, Lagos-Quintana M, et al. Identification of microRNAs 

of the herpesvirus family. Nat Methods. 2005;2(4):269-276. 

doi:10.1038/nmeth746 

115.  Cazalla D, Xie M, Steitz JA. A Primate Herpesvirus Uses the Integrator 

Complex to Generate Viral MicroRNAs. Mol Cell. 2011;43(6):982-992. 

doi:10.1016/j.molcel.2011.07.025 

116.  Cheloufi S, Dos Santos CO, Chong MMW, Hannon GJ. A dicer-independent 

miRNA biogenesis pathway that requires Ago catalysis. Nature. 

2010;465(7298):584-589. doi:10.1038/nature09092 

117.  Cifuentes D, Xue H, Taylor DW, et al. A novel miRNA processing pathway 

independent of dicer requires argonaute2 catalytic activity. Science (80- ). 

2010;328(5986):1694-1698. doi:10.1126/science.1190809 

118.  Yang S, Maurin T, Robine N, et al. Conserved vertebrate mir-451 provides a 

platform for Dicer-independent, Ago2-mediated microRNA biogenesis. 

Proc Natl Acad Sci U S A. 2010;107(34):15163-15168. 

doi:10.1073/pnas.1006432107 

119.  Morin RD, O’Connor MD, Griffith M, et al. Application of massively 

parallel sequencing to microRNA profiling and discovery in human 

embryonic stem cells (Genome Research (2008) 18, (610-621)). Genome 

Res. 2009;19(5):958. doi:10.1101/gr.7179508.4 

120.  Tan GC, Chan E, Molnar A, et al. 5′ isomiR variation is of functional and 

evolutionary importance. Nucleic Acids Res. 2014;42(14):9424-9435. 

doi:10.1093/nar/gku656 



75 

121.  Kim B, Jeong K, Kim VN. Genome-wide Mapping of DROSHA Cleavage 

Sites on Primary MicroRNAs and Noncanonical Substrates. Mol Cell. 

2017;66(2):258-269.e5. doi:10.1016/j.molcel.2017.03.013 

122.  Vickers KC, Sethupathy P, Baran-Gale J, Remaley AT. Complexity of 

microRNA function and the role of isomiRs in lipid homeostasis. J Lipid Res. 

2013;54(5):1182-1191. doi:10.1194/jlr.R034801 

123.  Neilsen CT, Goodall GJ, Bracken CP. IsomiRs - The overlooked repertoire 

in the dynamic microRNAome. Trends Genet. 2012;28(11):544-549. 

doi:10.1016/j.tig.2012.07.005 

124.  Nishikura K. A-to-I editing of coding and non-coding RNAs by ADARs. 

Nat Rev Mol Cell Biol. 2016;17(2):83-96. doi:10.1038/nrm.2015.4 

125.  Salter JD, Bennett RP, Smith HC. The APOBEC Protein Family: United by 

Structure, Divergent in Function. Trends Biochem Sci. 2016;41(7):578-594. 

doi:10.1016/j.tibs.2016.05.001 

126.  Blow MJ, Grocock RJ, van Dongen S, et al. RNA editing of human 

microRNAs. Genome Biol. 2006;7(4):R27. doi:10.1186/gb-2006-7-4-r27 

127.  Yang W, Chendrimada TP, Wang Q, et al. Modulation of microRNA 

processing and expression through RNA editing by ADAR deaminases. Nat 

Struct Mol Biol. 2006;13(1):13-21. doi:10.1038/nsmb1041 

128.  Chawla G, Sokol NS. ADAR mediates differential expression of 

polycistronic microRNAs. Nucleic Acids Res. 2014;42(8):5245-5255. 

doi:10.1093/nar/gku145 

129.  Shoshan E, Mobley AK, Braeuer RR, et al. Reduced adenosine-to-inosine 

miR-455-5p editing promotes melanoma growth and metastasis. 2015. 

doi:10.1038/ncb3110 

130.  Kawahara Y, Zinshteyn B, Chendrimada TP, Shiekhattar R, Nishikura K. 

RNA editing of the microRNA-151 precursor blocks cleavage by the Dicer - 

TRBP complex. EMBO Rep. 2007;8(8):763-769. 

doi:10.1038/sj.embor.7401011 

131.  Kawahara Y, Zinshteyn B, Sethupathy P, Iizasa H, Hatzigeorgiou AG, 

Nishikura K. Redirection of silencing targets by adenosine-to-inosine editing 



76 

 

of miRNAs. Science (80- ). 2007;315(5815):1137-1140. 

doi:10.1126/science.1138050 

132.  Paul D, Sinha AN, Ray A, et al. A-to-I editing in human miRNAs is 

enriched in seed sequence, influenced by sequence contexts and significantly 

hypoedited in glioblastoma multiforme. Sci Rep. 2017;7(1). 

doi:10.1038/s41598-017-02397-6 

133.  Tomaselli S, Galeano F, Alon S, et al. Modulation of microRNA editing, 

expression and processing by ADAR2 deaminase in glioblastoma. Genome 

Biol. 2015;16(1):5. doi:10.1186/s13059-014-0575-z 

134.  Wang Y, Xu X, Yu S, et al. Systematic characterization of A-to-I RNA 

editing hotspots in microRNAs across human cancers. Genome Res. 

2017;27(7):1112-1125. doi:10.1101/gr.219741.116 

135.  Negi V, Paul D, Das S, et al. Altered expression and editing of miRNA-100 

regulates iTreg differentiation. Nucleic Acids Res. 2015;43(16):8057-8065. 

doi:10.1093/nar/gkv752 

136.  Wyman SK, Knouf EC, Parkin RK, et al. Post-transcriptional generation of 

miRNA variants by multiple nucleotidyl transferases contributes to miRNA 

transcriptome complexity. Genome Res. 2011;21(9):1450-1461. 

doi:10.1101/gr.118059.110 

137.  Katoh T, Sakaguchi Y, Miyauchi K, et al. Selective stabilization of 

mammalian microRNAs by 3’ adenylation mediated by the cytoplasmic 

poly(A) polymerase GLD-2. Genes Dev. 2009;23(4):433-438. 

doi:10.1101/gad.1761509 

138.  Burns DM, D’Ambrogio A, Nottrott S, Richter JD. CPEB and two poly(A) 

polymerases control miR-122 stability and p53 mRNA translation. Nature. 

2011;473(7345):105-108. doi:10.1038/nature09908 

139.  Katoh T, Hojo H, Suzuki T. Destabilization of microRNAs in human cells 

by 3′ deadenylation mediated by PARN and CUGBP1. Nucleic Acids Res. 

2015;43(15):7521-7534. doi:10.1093/nar/gkv669 

140.  Mansur F, Ivshina M, Gu W, et al. Gld2-catalyzed 3′ monoadenylation of 

miRNAs in the hippocampus has no detectable effect on their stability or on 



77 

 

animal behavior. RNA. 2016;22(10):1492-1499. doi:10.1261/rna.056937.116 

141.  Ambrogio AD’, Gu W, Udagawa T, Mello CC, Richter JD. Specific miRNA 

Stabilization by Gld2-catalyzed Monoadenylation. 2012. 

doi:10.1016/j.celrep.2012.10.023 

142.  Boele J, Persson H, Shin JW, et al. PAPD5-mediated 3′ adenylation and 

subsequent degradation of miR-21 is disrupted in proliferative disease. Proc 

Natl Acad Sci U S A. 2014;111(31):11467-11472. 

doi:10.1073/pnas.1317751111 

143.  Jones MR, Quinton LJ, Blahna MT, et al. Zcchc11-dependent uridylation of 

microRNA directs cytokine expression. Nat Cell Biol. 2009;11(9):1157-

1163. doi:10.1038/ncb1931 

144.  Burroughs AM, Ando Y, de Hoon MJL, et al. A comprehensive survey of 3’ 

animal miRNA modification events and a possible role for 3’ adenylation in 

modulating miRNA targeting effectiveness. Genome Res. 2010;20(10):1398-

1410. doi:10.1101/gr.106054.110 

145.  Rüegger S, Großhans H. MicroRNA turnover: When, how, and why. Trends 

Biochem Sci. 2012;37(10):436-446. doi:10.1016/j.tibs.2012.07.002 

146.  Guo Y, Liu J, Elfenbein SJ, et al. Characterization of the mammalian 

miRNA turnover landscape -Supplementary material. Nucleic Acids Res. 

2015;43(4):2326-2341. doi:10.1093/nar/gkv057 

147.  Marzi MJ, Ghini F, Cerruti B, et al. Degradation dynamics of micrornas 

revealed by a novel pulse-chase approach. Genome Res. 2016;26(4):554-565. 

doi:10.1101/gr.198788.115 

148.  Rissland OS, Hong SJ, Bartel DP. MicroRNA Destabilization Enables 

Dynamic Regulation of the miR-16 Family in Response to Cell-Cycle 

Changes. Mol Cell. 2011;43(6):993-1004. doi:10.1016/j.molcel.2011.08.021 

149.  Monticelli S, Ansel KM, Xiao C, et al. MicroRNA profiling of the murine 

hematopoietic system. Genome Biol. 2005;6(8):R71. doi:10.1186/gb-2005-

6-8-r71 

150.  Krol J, Busskamp V, Markiewicz I, et al. Characterizing Light-Regulated 

Retinal MicroRNAs Reveals Rapid Turnover as a Common Property of 



78 

Neuronal MicroRNAs. Cell. 2010;141(4):618-631. 

doi:10.1016/j.cell.2010.03.039 

151.  Ameres SL, Horwich MD, Hung JH, et al. Target RNA-directed trimming 

and tailing of small silencing RNAs. Science (80- ). 2010;328(5985):1534-

1539. doi:10.1126/science.1187058 

152.  la Mata M, Gaidatzis D, Vitanescu M, et al.  Potent degradation of neuronal 

mi RNA s induced by highly complementary targets . EMBO Rep. 

2015;16(4):500-511. doi:10.15252/embr.201540078 

153.  Park JH, Shin SY, Shin C. Non-canonical targets destabilize microRNAs in 

human Argonautes. Nucleic Acids Res. 2017;45(4):1569-1583. 

doi:10.1093/nar/gkx029 

154.  Bitetti A, Mallory AC. MicroRNA degradation by a conserved target RNA 

regulates animal behavior. 2018. doi:10.1038/s41594-018-0032-x 

155.  Kleaveland B, Shi CY, Stefano J, Bartel DP. A Network of Noncoding 

Regulatory RNAs Acts in the Mammalian Brain. Cell. 2018;174(2):350-

362.e17. doi:10.1016/j.cell.2018.05.022 

156.  De N, Young L, Lau PW, Meisner NC, Morrissey D V., MacRae IJ. Highly 

complementary target RNAs promote release of guide RNAs from human 

argonaute2. Mol Cell. 2013;50(3):344-355. 

doi:10.1016/j.molcel.2013.04.001 

157.  Pitchiaya S, Heinicke LA, Park JI, Cameron EL, Walter NG. Resolving 

Subcellular miRNA Trafficking and Turnover at Single-Molecule 

Resolution. Cell Rep. 2017;19(3):630-642. doi:10.1016/j.celrep.2017.03.075 

158.  Elbarbary RA, Miyoshi K, Myers JR, et al. Tudor-SN-mediated 

endonucleolytic decay of human cell microRNAs promotes G1/S phase 

transition. Science (80- ). 2017;356(6340):859-862. 

doi:10.1126/science.aai9372 

159.  Salzman DW, Nakamura K, Nallur S, et al. MiR-34 activity is modulated 

through 5′-end phosphorylation in response to DNA damage. Nat Commun. 

2016;7. doi:10.1038/ncomms10954 

160.  McKenzie AJ, Hoshino D, Hong NH, et al. KRAS-MEK Signaling Controls 



79 

Ago2 Sorting into Exosomes. Cell Rep. 2016;15(5):978-987. 

doi:10.1016/j.celrep.2016.03.085 

161.  Shen J, Xia W, Khotskaya YB, et al. EGFR modulates microRNA 

maturation in response to hypoxia through phosphorylation of AGO2. 

Nature. 2013;497(7449):383-387. doi:10.1038/nature12080 

162.  Yang M, Haase AD, Huang FK, et al. Dephosphorylation of Tyrosine 393 in 

Argonaute 2 by Protein Tyrosine Phosphatase 1B Regulates Gene Silencing 

in Oncogenic RAS-Induced Senescence. Mol Cell. 2014;55(5):782-790. 

doi:10.1016/j.molcel.2014.07.018 

163.  Rüdel S, Wang Y, Lenobel R, et al. Phosphorylation of human Argonaute 

proteins affects small RNA binding. Nucleic Acids Res. 2011;39(6):2330-

2343. doi:10.1093/nar/gkq1032 

164.  Qi HH, Ongusaha PP, Myllyharju J, et al. Prolyl 4-hydroxylation regulates 

Argonaute 2 stability. Nature. 2008;455(7211):421-424. 

doi:10.1038/nature07186 

165.  Smibert P, Yang JS, Azzam G, Liu JL, Lai EC. Homeostatic control of 

Argonaute stability by microRNA availability. Nat Struct Mol Biol. 

2013;20(7):789-795. doi:10.1038/nsmb.2606 

166.  Sahin U, Lapaquette P, Andrieux A, Faure G, Dejean A. Sumoylation of 

Human Argonaute 2 at Lysine-402 Regulates Its Stability. Maas S, ed. PLoS 

One. 2014;9(7):e102957. doi:10.1371/journal.pone.0102957 

167.  Josa-Prado F, Henley JM, Wilkinson KA. SUMOylation of Argonaute-2 

regulates RNA interference activity. Biochem Biophys Res Commun. 

2015;464(4):1066-1071. doi:10.1016/j.bbrc.2015.07.073 

168.  Li S, Wang L, Fu B, Berman MA, Diallo A, Dorf ME. TRIM65 regulates 

microRNA activity by ubiquitination of TNRC6. Proc Natl Acad Sci U S A. 

2014;111(19):6970-6975. doi:10.1073/pnas.1322545111 

169.  Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges: Competitive 

inhibitors of small RNAs in mammalian cells. Nat Methods. 2007;4(9):721-

726. doi:10.1038/nmeth1079 

170.  Denzler R, Agarwal V, Stefano J, Bartel DP, Stoffel M. Assessing the 



80 

 

ceRNA Hypothesis with Quantitative Measurements of miRNA and Target 

Abundance. Mol Cell. 2014;54(5):766-776. 

doi:10.1016/j.molcel.2014.03.045 

171.  Bosson AD, Zamudio JR, Sharp PA. Endogenous miRNA and target 

concentrations determine susceptibility to potential ceRNA competition. Mol 

Cell. 2014;56(3):347-359. doi:10.1016/j.molcel.2014.09.018 

172.  Cesana M, Cacchiarelli D, Legnini I, et al. A long noncoding RNA controls 

muscle differentiation by functioning as a competing endogenous RNA. Cell. 

2011;147(2):358-369. doi:10.1016/j.cell.2011.09.028 

173.  Jopling CL, Schütz S, Sarnow P. Position-Dependent Function for a Tandem 

MicroRNA miR-122-Binding Site Located in the Hepatitis C Virus RNA 

Genome. Cell Host Microbe. 2008;4(1):77-85. 

doi:10.1016/j.chom.2008.05.013 

174.  Shimakami T, Yamane D, Jangra RK, et al. Stabilization of hepatitis C virus 

RNA by an Ago2-miR-122 complex. Proc Natl Acad Sci U S A. 

2012;109(3):941-946. doi:10.1073/pnas.1112263109 

175.  Sedano CD, Sarnow P. Hepatitis C virus subverts liver-specific miR-122 to 

protect the viral genome from exoribonuclease Xrn2. Cell Host Microbe. 

2014;16(2):257-264. doi:10.1016/j.chom.2014.07.006 

176.  Luna JM, Scheel TKH, Danino T, et al. Hepatitis C virus RNA functionally 

sequesters miR-122. Cell. 2015;160(6):1099-1110. 

doi:10.1016/j.cell.2015.02.025 

177.  Leung AKL. The Whereabouts of microRNA Actions: Cytoplasm and 

Beyond. Trends Cell Biol. 2015;25(10):601-610. 

doi:10.1016/j.tcb.2015.07.005 

178.  Meister G, Landthaler M, Patkaniowska A, Dorsett Y, Teng G, Tuschl T. 

Human Argonaute2 mediates RNA cleavage targeted by miRNAs and 

siRNAs. Mol Cell. 2004;15(2):185-197. doi:10.1016/j.molcel.2004.07.007 

179.  Hwang HW, Wentzel EA, Mendell JT. A hexanucleotide element directs 

microRNA nuclear import. Science (80- ). 2007;315(5808):97-100. 

doi:10.1126/science.1136235 



81 

 

180.  Zisoulis DG, Kai ZS, Chang RK, Pasquinelli AE. Autoregulation of 

microRNA biogenesis by let-7 and Argonaute. Nature. 2012;486(7404):541-

544. doi:10.1038/nature11134 

181.  Mitchell PS, Parkin RK, Kroh EM, et al. Circulating microRNAs as stable 

blood-based markers for cancer detection. Proc Natl Acad Sci U S A. 

2008;105(30):10513-10518. doi:10.1073/pnas.0804549105 

182.  Valadi H, Ekström K, Bossios A, Sjöstrand M, Lee JJ, Lötvall JO. Exosome-

mediated transfer of mRNAs and microRNAs is a novel mechanism of 

genetic exchange between cells. Nat Cell Biol. 2007;9(6):654-659. 

doi:10.1038/ncb1596 

183.  Arroyo JD, Chevillet JR, Kroh EM, et al. Argonaute2 complexes carry a 

population of circulating microRNAs independent of vesicles in human 

plasma. Proc Natl Acad Sci U S A. 2011;108(12):5003-5008. 

doi:10.1073/pnas.1019055108 

184.  Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of 

extracellular circulating microRNA. Nucleic Acids Res. 2011;39(16):7223-

7233. doi:10.1093/nar/gkr254 

185.  Gallo A, Tandon M, Alevizos I, Illei GG. The Majority of MicroRNAs 

Detectable in Serum and Saliva Is Concentrated in Exosomes. Afarinkia K, 

ed. PLoS One. 2012;7(3):e30679. doi:10.1371/journal.pone.0030679 

186.  Melo SA, Sugimoto H, O’Connell JT, et al. Cancer Exosomes Perform Cell-

Independent MicroRNA Biogenesis and Promote Tumorigenesis. Cancer 

Cell. 2014;26(5):707-721. doi:10.1016/j.ccell.2014.09.005 

187.  Fong MY, Zhou W, Liu L, et al. Breast-cancer-secreted miR-122 

reprograms glucose metabolism in premetastatic niche to promote metastasis. 

Nat Cell Biol. 2015;17(2):183-194. doi:10.1038/ncb3094 

188.  Zhang L, Zhang S, Yao J, et al. Microenvironment-induced PTEN loss by 

exosomal microRNA primes brain metastasis outgrowth. Nature. 

2015;527(7576):100-104. doi:10.1038/nature15376 

189.  Tkach M, Théry C. Communication by Extracellular Vesicles: Where We 

Are and Where We Need to Go. Cell. 2016;164(6):1226-1232. 



82 

 

doi:10.1016/j.cell.2016.01.043 

190.  Chevillet JR, Kang Q, Ruf IK, et al. Quantitative and stoichiometric analysis 

of the microRNA content of exosomes. Proc Natl Acad Sci U S A. 

2014;111(41):14888-14893. doi:10.1073/pnas.1408301111 

191.  Thomou T, Mori MA, Dreyfuss JM, et al. Adipose-derived circulating 

miRNAs regulate gene expression in other tissues. Nature. 

2017;542(7642):450-455. doi:10.1038/nature21365 

192.  Villarroya-Beltri C, Gutiérrez-Vázquez C, Sánchez-Cabo F, et al. 

Sumoylated hnRNPA2B1 controls the sorting of miRNAs into exosomes 

through binding to specific motifs. Nat Commun. 2013;4(1):1-10. 

doi:10.1038/ncomms3980 

193.  Santangelo L, Giurato G, Cicchini C, et al. The RNA-Binding Protein 

SYNCRIP Is a Component of the Hepatocyte Exosomal Machinery 

Controlling MicroRNA Sorting. Cell Rep. 2016;17(3):799-808. 

doi:10.1016/j.celrep.2016.09.031 

194.  Ahadi A, Brennan S, Kennedy PJ, Hutvagner G, Tran N. Long non-coding 

RNAs harboring miRNA seed regions are enriched in prostate cancer 

exosomes. Sci Rep. 2016;6. doi:10.1038/srep24922 

195.  Wienholds E, Kloosterman WP, Miska E, et al. MicroRNA Expression in 

Zebrafish Embryonic Development. Vol 11. MIT Press; 2001. 

www.sciencemag.org/cgi/content/full/309/5732/307/DC1. Accessed August 

15, 2018. 

196.  Zhu S, Zhang X, Guan H, et al. miR-140-5p regulates T cell differentiation 

and attenuates experimental autoimmune encephalomyelitis by affecting 

CD4+T cell metabolism and DNA methylation. Int Immunopharmacol. 

2019;75. doi:10.1016/j.intimp.2019.105778 

197.  Wei R, Cao G, Deng Z, Su J, Cai L. miR-140-5p attenuates 

chemotherapeutic drug-induced cell death by regulating autophagy through 

inositol 1,4,5-trisphosphate kinase 2 (IP3k2) in human osteosarcoma cells. 

Biosci Rep. 2016;36(5). doi:10.1042/BSR20160238 

198.  Meng Y, Gao R, Ma J, et al. MicroRNA-140-5p regulates osteosarcoma 



83 

chemoresistance by targeting HMGN5 and autophagy OPEN. 

doi:10.1038/s41598-017-00405-3 

199.  Zhai H, Fesler A, Ba Y, Wu S, Ju J. Inhibition of colorectal cancer stem cell 

survival and invasive potential by hsa-miR-140-5p mediated suppression of 

Smad2 and autophagy. Oncotarget. 2015;6(23):19735-19746. 

doi:10.18632/oncotarget.3771 

200.  Salem O, Erdem N, Jung J, et al. The highly expressed 5’isomiR of hsa-

miR-140-3p contributes to the tumor-suppressive effects of miR-140 by 

reducing breast cancer proliferation and migration. BMC Genomics. 

2016;17(1):566. doi:10.1186/s12864-016-2869-x 

201.  Nakamura Y, He X, Kobayashi T, Yan YL, Postlethwait JH, Warman ML. 

Unique roles of microRNA140 and its host gene WWP2 in cartilage biology. 

J Musculoskelet Neuronal Interact. 2008;8(4):321-322. 

202.  Yang J, Qin S, Yi C, et al. MiR-140 is co-expressed with Wwp2-C transcript 

and activated by Sox9 to target Sp1 in maintaining the chondrocyte 

proliferation. FEBS Lett. 2011;585(19):2992-2997. 

doi:10.1016/j.febslet.2011.08.013 

203.  Nakamura Y, Yamamoto K, He X, et al. Wwp2 is essential for palatogenesis 

mediated by the interaction between Sox9 and mediator subunit 25. Nat 

Commun. 2011;2:251. doi:10.1038/ncomms1242 

204.  Karlsen T a, Jakobsen RB, Mikkelsen TS, Brinchmann JE. microRNA-140 

targets RALA and regulates chondrogenic differentiation of human 

mesenchymal stem cells by translational enhancement of SOX9 and ACAN. 

Stem Cells Dev. 2014;23(3):290-304. doi:10.1089/scd.2013.0209 

205.  Miyaki S, Nakasa T, Otsuki S, et al. MicroRNA-140 is expressed in 

differentiated human articular chondrocytes and modulates interleukin-1 

responses. Arthritis Rheum. 2009;60(9):2723-2730. doi:10.1002/art.24745 

206.  Karlsen TA, de Souza GA, Ødegaard B, Engebretsen L, Brinchmann JE. 

microRNA-140 Inhibits Inflammation and Stimulates Chondrogenesis in a 

Model of Interleukin 1β-induced Osteoarthritis. Mol Ther Acids. 

2016;5(10):e373. doi:10.1038/mtna.2016.64 



84 

 

207.  Karlsen TA, Shahdadfar A, Brinchmann JE. Human Primary Articular 

Chondrocytes, Chondroblasts-Like Cells, and Dedifferentiated Chondrocytes: 

Differences in Gene, MicroRNA, and Protein Expression and Phenotype. 

doi:10.1089/ten.tec.2010.0200 

208.  Jude JA, Dileepan M, Subramanian S, et al. miR-140-3p regulation of TNF-

α-induced CD38 expression in human airway smooth muscle cells. Am J 

Physiol Lung Cell Mol Physiol. 2012;303:460-468. 

doi:10.1152/ajplung.00041.2012 

209.  Takata A, Otsuka M, Kojima K, et al. MicroRNA-22 and microRNA-140 

suppress NF-κB activity by regulating the expression of NF-κB coactivators. 

Biochem Biophys Res Commun. 2011;411(4):826-831. 

doi:10.1016/J.BBRC.2011.07.048 

210.  Karlsen TA, Brinchmann JE. Liposome delivery of MicroRNA-145 to 

mesenchymal stem cells leads to immunological off-target effects mediated 

by RIG-I. Mol Ther. 2013;21(6):1169-1181. doi:10.1038/mt.2013.55 

211.  Sioud M. Induction of inflammatory cytokines and interferon responses by 

double-stranded and single-stranded siRNAs is sequence-dependent and 

requires endosomal localization. J Mol Biol. 2005;348(5):1079-1090. 

doi:10.1016/j.jmb.2005.03.013 

212.  Bridge AJ, Pebernard S, Ducraux A, Nicoulaz AL, Iggo R. Induction of an 

interferon response by RNAi vectors in mammalian cells. Nat Genet. 

2003;34(3):263-264. doi:10.1038/ng1173 

213.  Sledz CA, Holko M, De Veer MJ, Silverman RH, Williams BRG. Activation 

of the interferon system by short-interfering RNAs. Nat Cell Biol. 

2003;5(9):834-839. doi:10.1038/ncb1038 

214.  Karikó K, Bhuyan P, Capodici J, Weissman D. Small Interfering RNAs 

Mediate Sequence-Independent Gene Suppression and Induce Immune 

Activation by Signaling through Toll-Like Receptor 3. J Immunol. 

2004;172(11):6545-6549. doi:10.4049/jimmunol.172.11.6545 

215.  Sioud M, Sørensen DR. Cationic liposome-mediated delivery of siRNAs in 

adult mice. Biochem Biophys Res Commun. 2003;312(4):1220-1225. 



85 

 

doi:10.1016/j.bbrc.2003.11.057 

216.  Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. 

Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured 

mammalian cells. Nature. 2001;411(6836):494-498. doi:10.1038/35078107 

217.  Hannon GJ, Rossi JJ. Unlocking the potential of the human genome with 

RNA interference. Nature. 2004;431(7006):371-378. 

doi:10.1038/nature02870 

218.  Bartoszewski R, Sikorski AF. Editorial focus: Understanding off-target 

effects as the key to successful RNAi therapy. Cell Mol Biol Lett. 

2019;24(1). doi:10.1186/s11658-019-0196-3 

219.  Lam JKW, Chow MYT, Zhang Y, Leung SWS. siRNA versus miRNA as 

therapeutics for gene silencing. Mol Ther - Nucleic Acids. 2015;4(9):e252. 

doi:10.1038/mtna.2015.23 

220.  Rupaimoole R, Slack FJ. MicroRNA therapeutics: Towards a new era for the 

management of cancer and other diseases. Nat Rev Drug Discov. 

2017;16(3):203-221. doi:10.1038/nrd.2016.246 

221.  Setten RL, Rossi JJ, Han S ping. The current state and future directions of 

RNAi-based therapeutics. Nat Rev Drug Discov. 2019;18(6):421-446. 

doi:10.1038/s41573-019-0017-4 

222.  Rooij E, Kauppinen S.  Development of micro RNA therapeutics is coming 

of age . EMBO Mol Med. 2014;6(7):851-864. 

doi:10.15252/emmm.201100899 

223.  Layzer JM, McCaffrey AP, Tanner AK, Huang Z, Kay MA, Sullenger BA. 

In vivo activity of nuclease-resistant siRNAs. RNA. 2004;10(5):766-771. 

doi:10.1261/rna.5239604 

224.  Behlke MA. Chemical Modification of siRNAs for In Vivo Use. 

Oligonucleotides. 2008;18:305-320. doi:10.1089/oli.2008.0164 

225.  Shahdadfar A, Løken S, Dahl JA, et al. Persistence of collagen type II 

synthesis and secretion in rapidly proliferating human articular chondrocytes 

in vitro. Tissue Eng - Part A. 2008;14(12):1999-2007. 

doi:10.1089/ten.tea.2007.0344 



86 

226.  Al-Modawi RN, Brinchmann JE, Karlsen TA. Multi-pathway Protective 

Effects of MicroRNAs on Human Chondrocytes in an In Vitro Model of 

Osteoarthritis. Mol Ther - Nucleic Acids. 2019;17:776-790. 

doi:10.1016/j.omtn.2019.07.011 

227.  Arya M, Shergill IS, Williamson M, Gommersall L, Arya N, Patel HR. 

Basic principles of real-time quantitative PCR. Expert Rev Mol Diagn. 

2005;5(2). doi:10.1586/14737159.5.2.xxx 

228.  Vogel C, Marcotte EM. Insights into the regulation of protein abundance 

from proteomic and transcriptomic analyses. Nat Rev Genet. 

2012;13(4):227-232. doi:10.1038/nrg3185 

229.  Alegria-Schaffer A, Lodge A, Vattem K. Chapter 33 Performing and 

Optimizing Western Blots with an Emphasis on Chemiluminescent 

Detection. In: Methods in Enzymology. Vol 463. Academic Press Inc.; 

2009:573-599. doi:10.1016/S0076-6879(09)63033-0 

230.  Yu LR, Stewart NA, Veenstra TD. Proteomics. The Deciphering of the 

Functional Genome. Essentials Genomic Pers Med. 2010:89-96. 

doi:10.1016/B978-0-12-374934-5.00008-8 

231.  O’Farrell PH. High resolution two dimensional electrophoresis of proteins. J 

Biol Chem. 1975;250(10):4007-4021. 

/pmc/articles/PMC2874754/?report=abstract. Accessed November 14, 2020. 

232.  McLafferty FW. Tandem mass spectrometry. Science (80- ). 

1981;214(4518):280-287. doi:10.1126/science.7280693 

233.  Henion JD. Drug Analysis by Continuously Monitored Liquid 

Chromatography/Mass Spectrometry with a Quadrupole Mass Spectrometer. 

Vol 50.; 1978. https://pubs.acs.org/sharingguidelines. 

234.  Lubec G, Afjehi-Sadat L, Yang JW, John JPP. Searching for hypothetical 

proteins: Theory and practice based upon original data and literature. Prog 

Neurobiol. 2005;77(1-2):90-127. doi:10.1016/j.pneurobio.2005.10.001 

235.  Yates JR, Eng JK, McCormack AL, Schieltz D. Method to Correlate 

Tandem Mass Spectra of Modified Peptides to Amino Acid Sequences in the 

Protein Database. Anal Chem. 1995;67(8):1426-1436. 



87 

 

doi:10.1021/ac00104a020 

236.  Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen J V., Mann M. 

Andromeda: A peptide search engine integrated into the MaxQuant 

environment. J Proteome Res. 2011;10(4):1794-1805. 

doi:10.1021/pr101065j 

237.  Paulo JA. Practical and Efficient Searching in Proteomics: A Cross Engine 

Comparison. Webmedcentral. 2013;4(10). 

doi:10.9754/journal.wplus.2013.0052 

238.  Elias JE, Gygi SP. Target-decoy search strategy for mass spectrometry-

based proteomics. Methods Mol Biol. 2010;604:55-71. doi:10.1007/978-1-

60761-444-9_5 

239.  Kupcova Skalnikova H, Cizkova J, Cervenka J, Vodicka P. Advances in 

Proteomic Techniques for Cytokine Analysis: Focus on Melanoma Research. 

Int J Mol Sci. 2017;18(12). doi:10.3390/ijms18122697 

240.  Wang D. Discrepancy between mRNA and protein abundance: Insight from 

information retrieval process in computers. Comput Biol Chem. 

2008;32(6):462-468. doi:10.1016/j.compbiolchem.2008.07.014 

241.  Yoon JH, Abdelmohsen K, Gorospe M. Functional interactions among 

microRNAs and long noncoding RNAs. Semin Cell Dev Biol. 2014;34:9-14. 

doi:10.1016/j.semcdb.2014.05.015 

242.  Ma M zhe, Li C xiao, Zhang Y, et al. Long non-coding RNA HOTAIR, a c-

Myc activated driver of malignancy, negatively regulates miRNA-130a in 

gallbladder cancer. Mol Cancer. 2014;13(1):1-14. doi:10.1186/1476-4598-

13-156 

243.  Caron MMJ, Emans PJ, Coolsen MME, et al. Redifferentiation of 

dedifferentiated human articular chondrocytes: Comparison of 2D and 3D 

cultures. Osteoarthr Cartil. 2012;20(10):1170-1178. 

doi:10.1016/j.joca.2012.06.016 

244.  Yoon BS, Pogue R, Ovchinnikov DA, et al. BMPs regulate multiple aspects 

of growth-plate chondrogenesis through opposing actions on FGF pathways. 

Development. 2006;133(23):4667-4678. doi:10.1242/dev.02680 



88 

 

245.  Liao W, Li Z, Li T, Zhang Q, Zhang H, Wang X. Proteomic analysis of 

synovial fluid in osteoarthritis using SWATH‑mass spectrometry. Mol Med 

Rep. 2017;17(2):2827-2836. doi:10.3892/mmr.2017.8250 

246.  Sieker JT, Proffen BL, Waller KA, et al. Transcriptional Profiling of 

Articular Cartilage in a Porcine Model of Early Post-Traumatic 

Osteoarthritis. 2017. doi:10.1002/jor.23644 

247.  Shi L, Zhao C, Wang H, et al. Dimethylarginine Dimethylaminohydrolase 1 

Deficiency Induces the Epithelial to Mesenchymal Transition in Renal 

Proximal Tubular Epithelial Cells and Exacerbates Kidney Damage in Aged 

and Diabetic Mice. doi:10.1089/ars.2017.7022 

248.  Rubinsztein DC, Mariño G, Kroemer G. Autophagy and Aging. Cell. 

2011;146(5):682-695. doi:10.1016/J.CELL.2011.07.030 

249.  Caramés B, Olmer M, Kiosses WB, Lotz MK. The Relationship of 

Autophagy Defects to Cartilage Damage During Joint Aging in a Mouse 

Model. Arthritis Rheumatol. 2015;67(6):1568-1576. doi:10.1002/art.39073 

250.  Zhang Y, Vasheghani F, Li Y, et al. Cartilage-speci fi c deletion of mTOR 

upregulates autophagy and protects mice from osteoarthritis. 2015:1432-

1440. doi:10.1136/annrheumdis-2013-204599 

251.  Ramakrishnan PS, Brouillette MJ, Martin JA. Oxidative Conditioning and 

Treatment for Osteoarthritis. In: Studies on Arthritis and Joint Disorders. 

New York, NY: Springer New York; 2013:311-332. doi:10.1007/978-1-

4614-6166-1_17 

252.  Sasaki H, Takayama K, Matsushita T, et al. Autophagy modulates 

osteoarthritis-related gene expression in human chondrocytes. Arthritis 

Rheum. 2012;64(6):1920-1928. doi:10.1002/art.34323 

253.  Wang Z, Hu J, Pan Y, et al. miR-140-5p/miR-149 Affects Chondrocyte 

Proliferation, Apoptosis, and Autophagy by Targeting FUT1 in 

Osteoarthritis. Inflammation. February 2018:1-13. doi:10.1007/s10753-018-

0750-6 

254.  Greeve I, Hermans-Borgmeyer I, Brellinger C, et al. The Human 

DIMINUTO/DWARF1 Homolog Seladin-1 Confers Resistance to 



89 

 

Alzheimer’s Disease-Associated Neurodegeneration and Oxidative Stress. 

http://www.jneurosci.org/content/jneuro/20/19/7345.full.pdf. Accessed 

March 12, 2018. 

255.  Andersson HC, Kratz L, Kelley R. Desmosterolosis presenting with multiple 

congenital anomalies and profound developmental delay. Am J Med Genet. 

2002;113(4):315-319. doi:10.1002/ajmg.b.10873 

256.  Mirza R, Qiao S, Tateyama K, Miyamoto T, Xiuli L, Seo H. 3β-

Hydroxysterol-Delta24 reductase plays an important role in long bone 

growth by protecting chondrocytes from reactive oxygen species. J Bone 

Miner Metab. 2012;30(2):144-153. doi:10.1007/s00774-011-0303-7 

257.  Porté S, Valencia E, Yakovtseva EA, et al. Three-dimensional structure and 

enzymatic function of proapoptotic human p53-inducible quinone 

oxidoreductase PIG3. J Biol Chem. 2009;284(25):17194-17205. 

doi:10.1074/jbc.M109.001800 

258.  Carow B, Rottenberg ME. SOCS3, a major regulator of infection and 

inflammation. Front Immunol. 2014;5(FEB):58. 

doi:10.3389/fimmu.2014.00058 

259.  Croker BA, Krebs DL, Zhang J-G, et al. SOCS3 Negatively Regulates IL-6 

Signaling in Vivo. Vol 4.; 2003. http://www.nature.com/natureimmunology. 

Accessed October 23, 2020. 

260.  Starr R, Willson TA, Viney EM, et al. A family of cytokine-inducible 

inhibitors of signalling. Nature. 1997;387(6636):917-921. 

doi:10.1038/43206 

261.  Zhang H, Wang W chen, Chen J kuan, et al. ZC3H12D attenuated 

inflammation responses by reducing mRNA stability of proinflammatory 

genes. Mol Immunol. 2015;67(2):206-212. 

doi:10.1016/j.molimm.2015.05.018 

262.  Huang S, Liu S, Fu JJ, et al. Monocyte chemotactic protein-induced protein 

1 and 4 form a complex but act independently in regulation of interleukin-6 

mRNA degradation. J Biol Chem. 2015;290(34):20782-20792. 

doi:10.1074/jbc.M114.635870 



90 

263.  Tsuchida, Beekhuizen, Bot AGJ, et al. The Role of IL-6 in Osteoarthritis and 

Cartilage Regeneration. 

264.  Van de Loo FAJ, Kuiper S, Van Enckevort FHJ, Arntz OJ, Van den Berg 

WB. Interleukin-6 reduces cartilage destruction during experimental arthritis: 

A study in interleukin-6-deficient mice. Am J Pathol. 1997;151(1):177-191. 

/pmc/articles/PMC1857913/?report=abstract. Accessed October 24, 2020. 

265.  Eike MC, Skinningsrud B, Ronninger M, et al. CIITA gene variants are 

associated with rheumatoid arthritis in Scandinavian populations. Genes 

Immun. 2012;13(5):431-436. doi:10.1038/gene.2012.11 

266.  Woods S, Charlton S, Cheung K, et al. microRNA-seq of cartilage reveals 

an over-abundance of miR-140-3p which contains functional isomiRs. RNA. 

January 2020:rna.075176.120. doi:10.1101/2020.01.29.925206 

267.  Nilsson T, Mann M, Aebersold R, Iii JRY, Bairoch A, Bergeron JJM. Mass 

spectrometry in high-throughput proteomics : ready for the big time. Nat 

Publ Gr. 2010;7(9):681-685. doi:10.1038/nmeth0910-681 



I 

I





Multi-pathway Protective Effects
Original Article
of MicroRNAs on Human Chondrocytes
in an In Vitro Model of Osteoarthritis
Rua Nader Al-Modawi,1 Jan E. Brinchmann,1,2 and Tommy A. Karlsen1

1Norwegian Center for Stem Cell Research, Department of Immunology and TransfusionMedicine, Oslo University Hospital Rikshospitalet, Oslo, Norway; 2Department of

Molecular Medicine, University of Oslo, Oslo, Norway

Osteoarthritis (OA) is the most common degenerative joint
disease. One of the main pathogenic factors of OA is thought
to be inflammation. Other factors associated with OA are dys-

have therefore been associated with the development of OA.4,6,7 Auto-
phagy is an essential mechanism that ensures cellular homeostasis
by degrading and recycling cellular components. Autophagy regulates
regulation of microRNAs, reduced autophagic activity, oxida-
tive stress, and altered metabolism. microRNAs are small
non-coding RNAs that are powerful regulators of gene expres-
sion. miR-140-5p is considered a cartilage-specific microRNA,
is necessary for in vitro chondrogenesis, has anti-inflammatory
properties, and is downregulated in osteoarthritic cartilage.
Its passenger strand, miR-140-3p, is the most highly expressed
microRNA in healthy cartilage and increases during in vitro
chondrogenesis. miR-146a is a well-known anti-inflammatory
microRNA. Several studies have illustrated its role in OA
and autoimmune diseases. We show that, when human
chondrocytes were transfected individually with miR-140-5p,
miR-140-3p, or miR-146a prior to stimulation with inter-
leukin-1 beta and tumor factor necrosis-alpha as an inflamma-
tory model of OA, each of these microRNAs exhibited similar
protective effects. Mass spectrometry analysis provided an
insight to the altered proteome. All three microRNAs downre-
gulated important inflammatory mediators. In addition, they
affected different proteins belonging to the same biological
processes, suggesting an overall inhibition of inflammation
and oxidative stress, enhancement of autophagy, and restora-
tion of other homeostatic cellular mechanisms, including
metabolism.

INTRODUCTION

Osteoarthritis (OA) is the most common degenerative joint disease,
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affecting 10%–13% of adults in western countries.1,2 There is yet no dis-
ease modifying treatment available. Patients with OA suffer pain,
limited mobility, and reduced quality of life and often end up having
joint replacement surgery. The exact causes of OA are unknown, but
several risk factors have been identified, such as age, trauma, obesity, ge-
netics, and other joint pathologies.3 Inflammation is considered amajor
factor associated with the risk of cartilage loss and OA perpetuation.4,5

At the molecular level, cartilage destruction occurs through the com-
bined activities of cartilage degradation enzymes and inflammatoryme-
diators. Increased levels of the inflammatory cytokines interleukin 1
beta (IL-1b) and tumor necrosis factor alpha (TNF-a) in the joint fluid
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expression of inflammatory cytokines, is compromised in aging
cartilage,8,9 is defective in human OA chondrocytes and animal OA
models, and can be regulated by microRNAs (miRNAs).10–13

miRNAs are small double-stranded non-coding RNAs that regulate
gene expression in a sequence-based manner.14 The 50 strand is known
as the leading strand and the 30 strand is called the passenger strand.
Usually the leading strand is the functional strand, but sometimes
both strands can regulate gene expression.15 Emerging evidence shows
that one miRNA can target up to 100 genes, and one gene can be regu-
lated by several miRNAs.16,17 miRNAs are thus potent post-transcrip-
tional regulators of gene expression and are implicated in several
human diseases, including OA and other arthritic diseases.18–20

miRNAs are therefore highly relevant as therapeutic molecules. miR-
140 has been considered a cartilage-specific miRNA because it is pre-
dominantly expressed in cartilaginous tissue during development.21

Knockout studies showed miR-140 to be protective against OA devel-
opment.22 There is ample evidence to suggest that both the 50 strand
(miR-140-5p) and the 30-strand (miR-140-3p) are important for chon-
drogenesis and the biogenesis of OA. Both strands are highly expressed
in healthy cartilage, miR-140-3p higher than miR-140-5p,23 and
downregulated in OA cartilage and synovial fluid.24,25 Both strands
are highly upregulated during in vitro chondrogenesis.26,27 Previously,
we showed that miR-140-5p was essential for SOX9 expression, and
thus for chondrogenesis, and identified RALA as a direct target.26

Additionally, we demonstrated that miR-140-5p has anti-inflamma-
tory properties by targeting several proteins in the nuclear factor kB
vecommons.org/licenses/by/4.0/).
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(NF-kB)-pathway.28 miR-140-5p also promotes autophagy in human
chondrocytes and other cell types.29–32 miR-140-3p is known to inhibit

kins IL6, IL8, and IL1b and the martix degrading enzyme MMP13.
Figure 1A shows basal mRNA levels of IL6, IL8, IL1b, MMP13, and

Figure 1. Basal and Induced Gene Expression of Relevant OA Genes in Response to IL-1b and TNF-a

(A) qRT-PCR analysis of IL6, IL8, IL1b, MMP13, and ADAMTS5 mRNA levels in non-treated cells and in response to stimulation by IL-1b and TNF-a in chondrocytes from

threeOA donors. Error bars represent a 95% confidence interval from technical triplicates. (B)Western blot analysis of IL-6 and IL-8 protein levels in non-treated and IL-1b and

TNF-a-stimulated conditions in the same donors. b-actin (ACTB) was used as loading control.
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TNF-a-induced inflammation in human smooth muscle cells33 and
NF-kB activity in hepatocytes.34 miR-146a is one of the most studied
miRNAs and has been shown to play a central role in immune re-
sponses by targeting IRAK1 and TRAF6, two important proteins in
the NF-kB cascade.35,36 miR-146a is upregulated in early OA, possibly
to counteract inflammation, and downregulated in late OA.37 More-
over miR-146a reduced aging-associated and trauma-induced OA by
inhibiting Notch 1, IL-1b, and IL-6.12 Like miR-140-5p, miR-146 pro-
motes autophagy in chondrocytes.13,38 All this taken into consider-
ation, these three microRNAs are potential candidates for OA gene
therapy. Therefore, the current study aimed to further unravel the func-
tion of miR-140-5p, miR-140-3p, and miR-146a in an IL-1b and
TNF-a induced in vitromodel of OA. Here we show how single trans-
fection of each miRNA regulated different proteins, often associated
with the same biological pathways. miR-140-5p, miR-140-3p, and
miR-146a all inhibited inflammation and altered various proteins
involved in autophagy, proteasomal and lysosomal degradation
pathway, metabolism, and regulation of reactive oxygen species
(ROS). miR-140-5p and miR-140-3p also promoted expression of
chondrogenic proteins. This supports our hypothesis that these
miRNAs are promising candidates in miRNA-based therapy of OA.

RESULTS
Simulating OA in vitro using the inflammatory cytokines IL-1b and
TNF-a strongly induces the expression of the inflammatory interleu-
ADAMTS5 in non-treated cells and in response to stimulation by
IL-1b and TNF-a. The experiment was carried out in three different
donors. Figure 1B shows the induced protein expression of IL-6 and
IL-8 in response to IL-1b and TNF-a stimulation.

EachmiRNAwas transfected separately in independent reactions. Suc-
cessful delivery of the miRNAs was validated with qRT-PCR in all
three donors. The miRNAs were detected at much higher levels
compared with cells transfected with a negative control sequence (Fig-
ure 2A). Figure 2B shows downregulation of RALA and TRAF6 pro-
teins after transfection of miR-140-5p and miR-146a, respectively.
RALA and TRAF6 are validated targets of these two miRNAs and
showed that the transfected miRNAs were functionally active,
although there were varying degrees of knockdown in the different do-
nors. There is no validated target for miR-140-3p in chondrocytes yet.

miR-140-5p,miR-140-3p, andmiR-146a Strongly Inhibited IL-1b-

and TNF-a-Induced Inflammation

Since all three miRNAs have been shown to inhibit inflammation in
different in vitro settings, we decided to see if this was also true for
our established in vitromodel of OA. Four days after miRNA transfec-
tion, the cells were stimulated with IL-1b and TNF-a. The following
day, the cells were harvested. Each of the miRNAs seemed to coun-
teract the inflammatory-mediated expression of IL6, IL8, and IL1b
on the mRNA level (Figure 3A). Additionally, each miRNA also
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downregulated IL-6 and IL-8 on the protein level but with varying
degrees, depending on donor and miRNA. miR-140-3p and

miR-140-5p, 12% by miR-140-3p, and 26% by miR-146a (Tables 1,
2, and 3). In addition to inflammation and immune response, pro-

Figure 2. Validation of Increased Levels of miRNAs following Transfection

(A) qRT-PCR analysis of miR-140-5p, miR-140-3p, and miR-146a mRNA levels in chondrocytes from three donors after transfection. Error bars represent a 95% confidence

interval from technical triplicates. (B)Western blot analysis of RALA and TRAF6 validated direct targets of miR-140-5p andmiR-146a, respectively, in three donors. ACTBwas

used as loading control.
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miR-146a exhibited the most potent protective effects, followed by
miR-140-5p, with the best effect seen in donor 2 (Figure 3B).
miR-140-3p and miR-146a strongly and consistently downregulated
MMP13 in all three donors, while ADAMTS5 mRNA was downregu-
lated by all three miRNAs in donor 1 cells only (Figure 3A). For tech-
nical reasons, donor 3 cells were transfected with miR-140-5p and
miR-140-3p one passage after the transfection of miR-146a, necessi-
tating different control samples and thus additional controls in both
the qRT-PCR data (Figure 3A) and western blot images (Figure 3B).

Proteome Alteration following Overexpression of the miRNAs

under OA-Simulating Conditions

To unravel other important effects these miRNAs might exhibit
under the OA-simulated milieu, mass spectrometry proteomics was
performed on cell lysates from all three donors. miR-140-5p,
miR-140-3p, and miR-146a significantly altered the expression of
40, 36, and 37 proteins, respectively. However, many of the proteins
belonged to the same biological pathways (Tables 1, 2, and 3), and
some proteins were shared between the miRNAs (Table S1). 36% of
the downregulated proteins were predicted to be targeted by
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teins involved in autophagy, ER-Golgi transport, the ubiquitin-
proteaosomal degradation pathway, ROS regulation, oxidative stress,
and metabolism were altered. Cytoskeleton, mRNA/DNA processing,
nuclear, and cell cycle control proteins were also altered (Tables 1, 2,
and 3). Some selected proteins from the tables are pointed out in the
following text. OAS2, IRF9, M4K4, IKIP, and STAT3 were upregu-
lated by miR-140-5p. These proteins are known to be involved in
immune responses and regulate inflammation. OAS2 and IRF9 are
induced by interferons and inhibit viral replication,39,40 while
M4K4 is amap kinase known to regulate inflammation.41 IKIP, inhib-
itor of the NF-kB kinase, is involved in NF-kB regulation, while
STAT3 is known to have anti-inflammatory effects.42 STAT3 is
also important in skeletal development and chondrogenesis.43,44

miR-140-5p also upregulated proteins that are important in main-
taining cellular homeostasis processes, such as GBRAP, an autophagy
marker that is essential for autophagosome formation, and DHC24,
which protects cells against oxidative stress and apoptosis.45

WNT5A, a transcriptional factor that plays an essential role in chon-
drocyte differentiation during development through induction of
expression of SOX9,46 was also upregulated by miR-140-5p together



with several proteins involved in intracellular trafficking, histone
modification, and other nuclear proteins (Table 1). miR-140-5p

for osteoblast differentiation.59 As expected, the direct target of
miR-140-5p, RALA, was also downregulated. This is consistent

Figure 3. miR-140-5p, miR-140-3p, and miR-146a Counteract IL-1b- and TNF-a-Induced Inflammation

(A) qRT-PCR analysis of IL6, IL8, IL1b, MMP13, and ADAMTS5 mRNA levels in response to overexpression of the three miRs followed by 24 h stimulation with IL-1b and

TNF-a in chondrocytes from three donors. Error bars represent a 95% confidence interval from technical triplicates. (B)Western blot analysis of IL-6 and IL-8 in the same three

donors. ACTB was used as loading control.
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downregulated proteins involved in immune responses and some
proteins that have undesirable effects on chondrogenesis and OA
development, such as STA5A,47 C1R, and STAM2.48 STA5A has
also been associated with chondrocyte hypertrophy49 and chondro-
cyte growth arrest in cartilage of dwarf children.50,51 C1R, on the
other hand, has recently been shown to be upregulated in the synovial
fluid of OA patients52 and OA porcine models.53 miR-140-5p also
downregulated NUP93 and MEP50. The latter has been shown to
regulate PRMT5, which is important in maintaining chondro-pro-
genitor cells in mice limb buds.54 Metabolic enzymes and mitochon-
drial proteins like ACSL4,55 APLP2,56 and PGM257 were also down-
regulated. In addition, several nuclear proteins were downregulated,
including HCFC1 and WDR5. The former is involved in cell cycle
control, activation, and repression of transcription and has been
shown to be involved in craniofacial development in zebrafish,58

while the latter is involved in histone modifications and is required
with the western blot results in Figure 2B.

miR-140-3p, like miR-140-5p, upregulated STAT3 and downregu-
lated STA5A, CIR, NUP93, and MEP50 (Tables 2 and S1). In addi-
tion, the NF-kB inhibitor IASPP,60 PDCD4, a tumor suppressor
that is downregulated by inflammation,61 PCOC1, an important
enzyme for collagen fibril formation,62 and DDAH1, an enzyme
that reduces oxidative stress,63 were upregulated. Other upregulated
proteins were mainly involved in mitochondria, protein degradation,
trafficking, and gene expression processes. LTOR5, an activator of the
potent autophagy inhibitor mTORC1, was downregulated by miR-
140-3p together with other proteins involved in mitochondria,
mRNA processing, and membrane bending.

miR-146a upregulated several proteins involved in the ubiquitination
degradation pathway, mitochondrial metabolism, enzymatic cleavage
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Table 1. Altered Proteins upon miR-140-5p Overexpression

Protein Protein Name Fold Change Biological Process Predicted Targets

Uregulated by miR-140-5p

OAS2 20-50-oligoadenylate synthase 2 5.0
inflammation, immune responses,
apoptosis

IRF9 interferon regulatory factor 9 3.0

M4K4 mitogen-activated protein kinase kinase kinase kinase 4 2.6

IKIP inhibitor of nuclear factor kappa-B kinase 2.3

STAT3 signal transducer and activator of transcription 3 2.3

GBRAP gamma-aminobutyric acid receptor-associated protein 5.0 autophagy

DHC24 delta(24)-sterol reductase 7.0 metabolism, oxidative stress protection

MVD1 diphosphomevalonate decarboxylase 5.0

PGM2 phosphoglucomutase-2 2.5

COG5 conserved oligomeric Golgi complex subunit 5 INFa
Golgi apparatus, intracellular vesicle
trafficking, cytoskeleton, chaperone

CKAP5 cytoskeleton-associated protein 5 3.3

RB3GP Rab3 GTPase-activating protein catalytic subunit 2.8

PFD6 prefoldin subunit 6 2.8

TM9S2 transmembrane 9 superfamily member 2 2.2

NUP93 nuclear pore complex protein 7.0
nuclear proteins, mRNA processing,
spliceosome

MEP50 methylosome protein 50 6.0

THOC5 THO complex subunit 5 homolog INFa

RFOX1 RNA binding protein fox-1 homolog 1 3.0

TXN4A thioredoxin-like protein 4A INFa

WNT5A protein Wnt-5a 6.0 chondrogenesis

STRN Striatin INFa estrogen and IP3 signaling

Downregulated by miR-140-5p

STA5A signal transducer and activator of transcription 5A �INFb inflammation

C1R complement C1r �3.0 C1Rc,d

STAM2 signal transducing adaptor molecule �INFb

TIM9 mitochondrial import inner membrane translocase subunit Tim9 �3,5 metabolism

ACSL4 long-chain-fatty-acid-CoA ligase 4 �2.5

MMSA methylmalonate-semialdehyde dehydrogenase �2.1 MMSAe

MTDC bifunctional methylene tetrahydrofolate dehydrogenase �2.0 MTDCe

DCTN3 dynactin subunit 3 �8.0
ER-Golgi transport, intracellular and
membrane trafficking, cytoskeleton

ANFY1 Rabankyrin-5 �4.6 ANFY1c,d,e,f

STX4 Syntaxin-4 �INFb

RALA Ras-related protein Ral-A �3.3 RALAc,d,f

BAG2 BAG family molecular chaperone regulator 2 �2.8 BAG2c,d

E41L2 Band 4.1-like protein 2 �2.3 E41L2c,d

HCFC1 host cell factor 1 �6.0
nuclear proteins, histone modifications,
cell cycle control

PCNP PEST proteolytic signal-containing nuclear protein �INFb

WDR5 WD repeat-containing protein 5 �INFb

LEMD2 LEM domain-containing protein 2 �2.3

(Continued on next page)
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of procollagens (PCOC1, shared withmiR-140-3p), andGTPase activa-
tion activity. miR-146a additionally downregulated several proteins

in one donor, while TP5313 mRNA, the gene coding for QORX, was
downregulated in two donors (Figure 4J)

Table 1. Continued

Protein Protein Name Fold Change Biological Process Predicted Targets

CSTF2 cleavage stimulation factor subunit 2 �INFb RNA polymerase activity, mRNA splicing

RPAC1 DNA-directed RNA polymerases I and III subunit �INFb

INF, infinity.
aOnly detected in miRNA transfected cells
bOnly detected in control transfected cells
cPredicted targets according to TargetScan
dPredicted targets according to miRDB
ePredicted target according to miRwalk: prediction based on coding region
fPredicted target according to miRwalk: prediction based on 30UTR
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involved in immune responses and inflammation, including the
NF-kB activators RIPK2,64 TAP1,65 SEP10,66 and STAT2.67 miR-146a
also led to downregulation of proteins involved in ROS generation,
like the pro-apoptotic QORX.68 IL-6, IL-8, and TRAF6, all detected by
western blot, were not detected by the mass spectrometry analysis and
are therefore not included in the lists of differently expressed proteins.

Validation of Proteomics Findings: Selected Genes

miR-140-5p Transfected Cells

GBRAP was validated by western blot and showed consistent upregu-
lation in all three donors (Figure 4A). However, the mRNA level was
only upregulated in donor 1, showing mRNA-protein discrepancy
(Figure 4B).69 Moreover, detection of autophagic flux through inhibi-
tion of lysosomal degradation using Bafilomycin A1 resulted in accu-
mulation of lipidated GBRAP (GBRAPII) (Figure 4C), which would
have been degraded by autophagy. The accumulation of GBRAPII
provides an estimate of the autophagic activity. CIR mRNA were
downregulated in all donors, while STAT5A mRNA was downregu-
lated in two of the donors (Figure 4D). RALA mRNA, a validated
direct target of miR-140-5p, showed consistent downregulation in
all three donors (Figure 4D) and by western blot (Figure 2B).
DHCR24, the gene coding for DHC24, showed upregulation on
mRNA levels in all three donors (Figure 4D).

miR-140-3p Transfected Cells

Due to limited material from the miR-140-3p transfected cells, the
western blot validation experiment was repeated in a fourth donor.
The proteins LTOR5 and PDCD4 showed the same expression pattern
as the proteomics for all three donors (Figure 4E). LAMTOR5mRNA,
coding for LTOR5, on the other hand, was downregulated in donor1
only (Figure 4F). CIR and STAT5A were also targeted by miR-140-
3p and were downregulated at mRNA levels, except for CIR in donor
3 (Figure 4G). BROX, a predicted target of miR-140-3p, was downre-
gulated at the mRNA levels in two donors, while mRNA for DDAH1
showed upregulation on the mRNA levels in two donors (Figure 4G).

miR-146a Transfected Cells

RIPK2 was downregulated at both the protein and mRNA levels in all
three donors (Figures 4H and 4I). STAT2mRNA was downregulated
DISCUSSION
The exact causes of OA are unknown, but at the cellular level, inflam-
mation, reduced autophagy, increased production of ROS, increased
mitochondrial DNA damage, and altered metabolism are all hall-
marks of OA chondrocytes.70,71 All these processes are linked
together in a complex network.72,73 Inflammation is thought to be a
perpetuating force driving disease progression by upregulating
enzymes that break down the articular cartilage.74 Autophagy has
been shown to control inflammation by degrading IL-1b and inhibit-
ing its secretion, while inhibition of autophagy enhanced processing
and secretion of IL-1b. Moreover, this effect was suggested to be
reduced by ROS inhibition.73,75 ROS itself can lead to mitochondrial
DNA damage and altered metabolism.76,77 Thus, changes in one of
the processes will likely affect the other processes.

miRNAs are known to affect many genes belonging to the same bio-
logical process.78–81 miRNA-based gene therapy strategies are there-
fore promising candidates for the treatment of OA by fine-tuning or
ensuring homeostatic control of some of the cellular processes that
are altered in OA. miR-140-5p, miR-140-3p, and miR-146a are all
involved in cartilage and OA biology and are potential candidates
for miRNA-based therapy of OA. However, there is much to learn
about their functional roles in cartilage and OA. Here we show how
these miRNAs act on several cellular pathways associated with OA
in an IL-1b and TNF-a induced in vitro model of OA, including
inflammation, autophagy, ROS regulation, and metabolism. Other
proteins involved in the ubiqutin degradation pathway, ER-Golgi-
trafficking, mRNA processing, and cell cycle control, were also altered
by these miRNAs.

Our initial results showed upregulation of OA genes and proteins in
chondrocytes in response to IL-1b and TNF-a. To address our hy-
pothesis about the protective effects of the three miRs under these
conditions, we first validated their successful overexpression in all
donors, yet with a variation that is likely to be caused by natural donor
variation. The miRNAs led to downregulation of IL6, IL8, and IL1b
on the mRNA level as well as on the protein level, with variation in
the degree of potency. Overall miR-140-3p and miR-146a gave better
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Table 2. Altered Proteins upon miR-140-3p Overexpression

Protein Protein Name Fold Change Biological Process Predicted Targets

Upregulated by miR-140-3p

ISAPP RelA-associated inhibitor INFa
inflammation, immune response,
cell growth, apoptosis

GILT gamma-interferon-inducible lysosomal thiol reductase INFa

CNPY4 protein canopy homolog 4 2.8

STAT3 signal transducer and activator of transcription 3 2.1

DDAH1 N(G),N(G)-dimethylarginine dimethylaminohydrolase 1 INFa
mitochondrial respiratory machinery,
NOS/ROS regulation

NDUS7
NADH dehydrogenase [ubiquinone] iron-sulfur
protein 7, mitochondrial

3.1

PPIL3
DSS1

peptidyl-prolyl cis-trans isomerase-like 3
26S proteasome complex subunit DSS1

5.2
INFa

proteasome, immunoproteasome, chaperones

PSMG2 proteasome assembly chaperone 2 INFa

PSMD9 26S proteasome non-ATPase regulatory subunit 9 INFa

ZFPL1 zinc finger protein-like 1 INFa ER-protein, Golgi, vesicle trafficking

COG3 conserved oligomeric Golgi complex subunit 3 INFa

VP37C vacuolar protein sorting-associated protein 37C 2.8

ERLEC endoplasmic reticulum lectin 1 2.0

PDCD4 programmed cell death protein 4 10.0 tumor suppressor, apoptosis

IBP4 insulin-like growth factor-binding protein 4 INFa

PP4R1 serine/threonine-protein phosphatase 4 regulatory subunit 1 INFa
chromatin, histone modifications, nuclear,
mRNA export from the nucleus

NUP93 nuclear pore complex protein Nup93 7.2

MEP50 methylosome protein 50 5.1
splisosome, transcription regulation,
mRNA/DNA processing

RNH2A ribonuclease H2 subunit A INFa

T2AG transcription initiation factor IIA subunit 2 INFa

MYOV2 myeloma-overexpressed gene 2 protein 2.0

PININ Pinin 2.0

PP12C protein phosphatase 1 regulatory subunit 12C INFa scaffold protein, actin cytoskeleton

NHRF1 Na(+)/H(+) exchange regulatory cofactor NHE-RF1 2.0

FSTL1 follistatin-related protein 1 2.2 skeletal developement

PCOC1 procollagen C-endopeptidase enhancer 1 2.1
glycoprotein that binds and drives enzymatic
cleavage of type I procollagen

Downegulated by miR-140-3p

STA5A signal transducer and activator of transcription 5A �5.0 inflammation, innate immunity

C1R complement C1r subcomponent �2.0

LTOR5 regulator complex protein LAMTOR5 �2.3 autophagy

MIC27 MICOS complex subunit MIC27 �5.0 mitochondrial proteins and chaperopnes

RT35 28S ribosomal protein S35, mitochondrial �INFb

GPDM glycerol-3-phosphate dehydrogenase, mitochondrial �2.1

CSTF1 cleavage stimulation factor subunit 1 �3.0 mRNA processing

BROX BRO1 domain-containing protein �3.0 membrane bending BROXc

INF, infinity.
aOnly detected in miRNA transfected cells
bOnly detected in control transfected cells
cPredicted target according to miRwalk: prediction based on 30UTR
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Table 3. Altered Proteins upon miR-146a Overexpression

Protein Protein Name Fold Change Biological Process Predicted Targets

Upregulated by miR-146a

CUL1 Cullin-1 7.0 ubiquitination and degredation, lysosomal

NEUR1 Sialidase-1 6.0

PPIF peptidyl-prolyl cis-trans isomerase F, mitochondrial 3.8
mitochondrial metabolism, phospholipid
metabolism

PCAT1 lysophosphatidylcholine acyltransferase 2.6

PCOC1 procollagen C-endopeptidase enhancer 1 2.0 enzymatic cleavage of type I procollagen

GIT2 ARF GTPase-activating protein GIT2 2.3 GTPase-activating protein (GAP) activity

Downregulated by miR-146a

TAP1 antigen peptide transporter 1 �INFa
inflammation, innate/adaptive immune
responses

SEP10 Septin-10 �7.0

STAT2 signal transducer and activator of transcription 2 �4.4 STAT2b,c

RIPK2 receptor-interacting serine/threonine-protein kinase 2 �INFa

ABCF1 ATP-binding cassette sub-family F member 1 �3.3

SHPK sedoheptulokinase OS �INFa SHPKb,c

QORX quinone oxidoreductase PIG3 �4.5 oxidative stress/ROS

MT1E Metallothionein-1E �3.0

LAMP1 lysosome-associated membrane glycoprotein 1 (CD107a) �3.0 lysosomal, chaperone/ proteinfolding

DNJA1 DnaJ homolog subfamily A member 1 �2.8

HYOU1 hypoxia upregulated protein 1 �2.3 HYOU1c

NDUA2
NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
subunit 2

�INFa mitochondrial respiratory, metabolism

TOM34 mitochondrial import receptor subunit �5.0

F120B
constitutive coactivator of peroxisome proliferator-activated
receptor gamma

�INFa F120Bc,d

PNPO pyridoxine-50-phosphate oxidase �2.7

HCFC1 host cell factor 1 �6.0
transcription and cell cycle control, histone,
chromatin factors, and nuclear proteins

SP16H FACT complex subunit SPT16 �6.0

PELO protein pelota homolog �INFa PELOd

DDX21 nucleolar RNA helicase 2 �2.2

AAAS Aladin �2.0

GTPB1 GTP-binding protein 1 �INFa
degradation of target mRNA, circadian mRNA
stability

MED18 mediator of RNA polymerase II transcription subunit 18 �INFa coactivator of transcripton of all RNA pol II genes

TM109 transmembrane protein 109 �INFa DNA-damage response/DNA repair

TRIPC E3 ubiquitin-protein ligase �INFa

ADPPT
L-aminoadipate-semialdehyde dehydrogenase-
phosphopantetheinyl transferase

�INFa post-translational modification

ATAD1 ATPase family AAA domain-containing protein 1 �INFa
regulation of cell surface expression of AMPA
receptors

FMNL3 formin-like protein 3 �INFa cytoskeletal organization and adherens juctions FMNL3b

GEPH Gephyrin �INFa GEPHc

VEZA Vezatin �INF3a

(Continued on next page)
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reduction of IL6 and IL8 compared with miR-140-5p. miR-140-3p
and miR-146a also exhibited a strong downregulatory effect on

miRNAs have an overall inhibitory effect on inflammation, which
is likely to be beneficial for the prevention of OA.

Table 3. Continued

Protein Protein Name Fold Change Biological Process Predicted Targets

RAGP1 ran GTPase-activating protein 1 �2.2
trafficking, transport from the cytoplasm to
the nucleus

CRK adaptor molecule crk (p38) �2.2 proto-oncogene, several signaling pathways CRKe

INF, infinity.
aOnly detected in control transfected cells
bPredicted targets according to miRwalk: prediction based on 30UTR
cPredicted targets according to miRwalk: prediction based on coding region
dPredicted targets according to miRwalk: prediction based on 50UTR
ePredicted targets according to miRDB
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MMP13. ADAMTS5mRNA was downregulated by all three miRNAs
in one donor and by miR-140-3p in another donor.

Proteomic analysis revealed a broader picture of how these miRNAs
might work. The three miRNAs downregulated different pro-
inflammatory mediators. miR-140-5p and miR-3p both downregu-
lated STA5A and C1R, two proteins that have been associated with
inflammation. STA5A was detected as an inflammatory response
biomarker47 and has been associated with chondrocyte hypertrophy
in mice49 and dwarfism in humans.51 STA5A has also been shown to
have a binding site in the ADAMTS5 promoter.82 C1R is the first
component of the complement system and has been shown to be
upregulated in the synovial fluid of OA patients.52 C1R activates
C1S, which has been implicated in matrix degradation of articular
cartilage in rheumatoid arthritis (RA).83 Additionally miR-140-5p
and miR-140-3p upregulated the anti-inflammatory mediator
STAT3, which is also important for SOX9 expression and cartilage
formation during development.44 ISAPP, a potent inhibitor of
NF-kB, was upregulated by miR-140-3p. miR-146, on the other
hand, downregulated inflammation and immune-related proteins:
TAP1, SEP10, STAT2, ABCF1, and RIPK2. TAP1 is an antigen pep-
tide transporter upregulated by TNF-a in chondrocytes84 and is
known to play an important role in immune responses, with a
polymorphism that has recently been shown to be associated with
the inflammatory joint disease ankylosing apondylitis.85 SEP10 is
induced by TNF-a.86 STAT2 was detected in OA chondrocytes
but not in healthy controls, suggesting a role in OA.87 ABCF1 is
thought to be a regulator of the translation of inflammatory cytokine
pathways, and it has been shown to regulate and be regulated by
TNF-a.88–90 RIPK2 was validated to be strongly downregulated on
both the mRNA and protein level. RIPK2 is an upstream activator
of NF-kB and plays an essential role in modulating innate and adap-
tive immune responses.64,91 A hyperactive RIPK2 allele is involved
in onset of early OA.92 RIPK2 has a distinct expression profile,
together with cartilage destruction markers in chondrocytes stimu-
lated with synovial fibroblasts from RA patients.93 RIPK2 downre-
gulation also inhibited catabolic genes induced by cartilage
damaging toxin T-2.94 Thus, our results support the in vivo findings
that miR-146a inhibited OA development. In summary, all three
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The role of miR-146a as an anti-inflammatory miRNA has been
extensively elucidated in the literature, and its roles as age and
OA-attenuating, cartilage protecting,12 and autophagy enhancing38

are emerging. Yet one study published last year by Zhang et al.95

claimed a contradicting role to miR-146a in mice. In this study, the
authors show that miR-146a KOmice have less cartilage degeneration
compared to WT mice in spontaneous and instability induced OA
models. They also show that miR-146a aggravates pro-inflammatory
cytokines and suppresses the expression of COL2A and SOX9.
Whether that could be explained by how the KOmice were generated
or other factors is yet to be understood.

Autophagy is an essential mechanism that ensures cellular homeosta-
sis by degrading old and damaged cellular components and recycling
of macromolecules. The consequence of reduced autophagy and other
degradation pathways is production of ROS, which may lead to DNA
damage and ultimately cell death.8,96 Reduced autophagy, accumula-
tion of dysfunctional organelles and/or proteins, and increased ROS
production has been reported in OA chondrocytes in several
studies,97–101 while enhancing autophagy was shown to be chon-
dro-protective in a mouse model of OA.99 This suggests that altered
autophagy is involved in OA development. Our data showed a pro-
autophagy tendency for all three miRNAs. GBRAP, an autoghagy
marker and a member of the Autophagy-related protein8 (ATG8)
family, which is crucial for autophagosome formation and degrada-
tion of cytosolic cargo, was upregulated by miR-140-5p. We detected
autophagic flux by western blot, evident by the conversion of GBRAP
from the type I to type II form involved in autophagosome biogenesis.
miR-140-5p led to more accumulation of GBRAPII compared to
control. However, when stimulated with cytokines, the effect was
reduced. A pro-autophagic role of miR-140-5p is consistent with pre-
vious findings where miR-140-5p promoted autophagy in human
chondrocytes.29 A pro-autophagic effect of miR-140-5p has also
been demonstrated in other cell types.30–32

miR-140-3p, on the other hand, downregulated the autophagy
inhibitory protein LTOR5 (encoded by the gene LAMTOR5). Auto-
phagy is closely linked with the ER-Golgi and proteasomal



degradation systems. miR-140-5p, miR-140-3p, and miR-146a led
to both upregulation and downregulation of several proteins

vented by lentiviral delivery of DHC24. Thus, miR-140-5p might
protect the cells from ROS through upregulation of DHC24.

Figure 4. Validation of Proteomics Results by qRT-PCR and Western Blot Analysis

(A) GBRAP protein levels: ACTB was used as loading control. (B) GABARAPmRNA levels and (C) GBRAPI and -II after treatment with Bafilomycin A1. GAPDH was used as

loading control. (D) CIR, STAT5A, RALA, and DHCR24 mRNA levels after overexpression of miR-140-5p in three donors. (E) LTOR5 and PDCD4 protein levels after

overexpression of miR-140-3p in a fourth donor. (F) LAMTOR5 mRNA levels and (G) CIR, STAT2, BROX, and DDAH1 mRNA levels after overexpression of miR-140-3p in

three donors. (H) RIPK2 protein levels, (I) RIPK2mRNA levels, and (J) STAT2 and TP5313mRNA levels after overexpression of miR-146a in three donors. ACTB was used as

loading control for all western blots. Error bars from qRT-PCR represent a 95% confidence interval from technical triplicates.
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involved in these processes, perhaps suggesting a regulatory role
to establish homeostatic control. Also, ROS and oxidative stress
proteins were affected by the three miRNAs. miR-140-5p upregu-
lated DHC24, an enzyme that protects cells against oxidative stress
and apoptosis by reducing caspase 3 activity.45 Interestingly, this
protein is also important in cartilage and skeletal development, as
mutations within this gene lead to severe developmental abnormal-
ities, including short limbs.102 Mirza et al.103 showed that bones
from DHC24 KO mice lacked proliferating chondrocytes in the
growth plate and showed abnormal hypertrophy of prehypertrophic
chondrocytes. In addition, H2O2-induced hypertrophy was pre-
DHC24 was validated by qRT-PCR to be upregulated in all three
donors. miR-140-3p may protect against oxidative stress by upregu-
lating the enzyme DDAH1. Shi et al.104 demonstrated that DDAH1
deficiency increased oxidative stress and led to increased kidney
fibrosis in mice. DDAH1 mRNA upregulation was validated by
qRT-PCR in two donors. QORX, on the other hand, was downregu-
lated by miR-146a. Porte et al.68 showed that overexpression of
QORX accumulated ROS both in vitro and in vivo. Its downregula-
tion in our data might suggest that miR146a protects chondrocytes
from excessive ROS formation. QORX (TP5313) mRNA showed
downregulation in two donors.
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Figure 5 illustrates some of the proteomics findings and shows
the many possible platforms that can be altered to prevent or

Figure 5. A Proposed Model of the Three miRNAs’

Mode of Action

miR140-5p, miR-140-3p, and miR-146a regulated

expression of key components of inflammation, auto-

phagy, and other degradation pathways. A proposed

model of how this might promote cartilage integrity and

protection under adverse inflammatory conditions is

shown. Arrows and green boxes represent positive

regulation, while the perpendicular lines and red boxes

represent inhibition.

the first passage, amphotericin B was removed.
At 70%–80% confluence, cells were detached

used for electropora
turer (Lonza, Walke
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perhaps even treat OA by delivery of miR-140-5p, miR-140-3p,
and miR-146a. SOX9, ACAN, and IkB, three important proteins
that we have shown previously to be positively regulated by
miR-140-5p,26,28 are included.

OA is a multietiological disease and it is necessary to acquire sufficient
knowledge about the different processes and their complex interplay
in order to provide successful treatment of OA. We demonstrate here
that miR-140-5p, miR-140-3p, and miR-146a inhibited IL-1b� and
TNF-a-induced inflammation, promoted autophagy, and regulated
several proteins involved in ROS production and metabolism. Thus,
intraarticular delivery of one, or several, of these miRNAs may be a
promising therapeutic option for OA.

MATERIALS AND METHODS
Isolation and Culture of Human Articular Chondrocytes (ACs)

ACs were isolated from discarded OA cartilage tissue after total knee
replacement surgery and cultured as previously described.23 Only tis-
sue with no macroscopic signs of OA was used. All donors provided
written informed consent. The study was approved by the Regional
Committee for Medical Research Ethics, Southern Norway. Briefly,
the cartilage was cut into tiny pieces and subsequently digested
with Collagenase type XI (Sigma-Aldrich, St. Louis, MO, USA) at
37�C for 90–120 min. Chondrocytes were washed three times and re-
suspended in culture medium consisting of DMEM/F12 (GIBCO/
ThermoFisher Scientific, Waltham, MA, USA) supplemented with
10% human plasma (Octaplasma AB, Oslo Blood Bank, Norway) sup-
plemented with platelet lysate (corresponding to 109 platelets/mL
plasma) (PLP), 100 U/mL penicillin, 100 mg/mL streptomycin, and
2.5 mg/mL amphotericin B.23 PLP was prepared as previously
described.105 The culture medium was changed every 3–4 days. After
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with trypsin-EDTA (Sigma-Aldrich) and seeded
into new culture flasks.

miRNA Mimics, Transfection, and

Stimulation with IL-1b and TNF-a

The Amaxa nucleofector system and the Amaxa
Human Chondrocyte Nucleofector Kit were
tion following the protocols from the manufac-
rsville, MD, USA). Briefly, each reaction con-
tained 1.0 � 106 cells, 5mM of pre-miR mimics (Table S2) in a total
volume of 100 mL nucleofection solution. The cells were seeded in
20% PLP without antibiotics and left to recover overnight. The
following day (day 1), the medium was changed to 10% PLP with
1% penicillin/streptomycin. On day 4, ACs were stimulated with
0.1 ng/mL recombinant IL-1b (rIL-1b) or 10 ng/mL rTNF-a (R&D
Systems, Minneapolis, MN) for 24 h before harvesting for analysis.

Autphagic Flux

On day 5, 2 h prior to harvesting the cells, ACs were treated with
100 nM Bafilomycin A1 (Sigma-Aldrich).

Isolation of miRNA, cDNA Synthesis, and qRT-PCR

Total RNA containing miRNAs was isolated using the miRNeasy
mini kit according to the manufacturer’s protocol (QIAGEN, Ger-
mantown, MD, USA). cDNA synthesis and qRT-PCR were per-
formed following protocols from the manufacturer using the Taqman
MicroRNA Reverse Transcription Kit (Thermo Fisher Scientific,
Waltham, MA, USA). 10 ng miRNA in a total volume of 15 mL was
reverse transcribed into cDNA. All samples were run in technical trip-
licates. Each replicate contained 1.33 mL cDNA in a total volume of
15 mL. The thermocycling parameters were 95�C for 10 min, followed
by 40 cycles of 95�C for 15 s and 60�C for 1 min. U18 was used as
endogenous control. qRT-PCR results are shown as relative fold
changes using mean values from technical triplicates with a 95% con-
fidence interval. All donors are shown separately in the figures.

Western Blotting

Cell lysates corresponding to 200,000 cells were loaded onto a
4%–20% gradient or 10% polyacrylamide gel (Bio-Rad, Hercules,
CA, USA). Proteins were separated be gel electrophoresis, transferred



to polyvinylidene fluoride or polyvinylidene difluoride (PVDF) mem-
branes and incubated with appropriate antibodies before visualizing

Wizard release version 3.0.7230. Database searches were performed
using Mascot in-house version 2.4.0 to search the SwissProt database

www.moleculartherapy.org
the bands using the myECL imager (Thermo Fisher Scientific).

In-Solution Digestion

400 mL ice cold acetone (Sigma-Aldrich, Oslo, Norway) was added to
the samples, vortexed, and precipitated at �20�C overnight. Samples
were centrifuged at 16,000 g for 20 min at 4�C, and the supernatant
was discarded. Proteins were re-dissolved in 50 mL 6 M urea and
100 mM ammonium bicarbonate (Sigma-Aldrich), pH 7.8. For reduc-
tion and alkylation of cysteines, 2.5 mL 200 mM dithiothreitol (DTT;
Sigma-Aldrich) was added, and the samples were incubated at 37�C
for 1 h followed by addition of 7.5 mL 200 mM iodoacetamide
(Sigma-Aldrich) for 1 h at room temperature in the dark. The alkylation
reaction was quenched by adding 10 mL 200 mM DTT. The proteins
were digestedwith trypsin gold (Promega,Madison,WI,USA) in a final
volume of 250mL for 16 h at 37�C.The digestionwas stopped by adding
20mL 1% formic acid (Sigma-Aldrich), and the generated peptides were
purifiedusingZipTips (Millipore, Billerica,MA,USA) anddriedusing a
Speed Vac concentrator (Eppendorf, Hamburg, Germany).

Nano LC-QExactive Orbitrap Mass Spectrometry

Peptides were analyzed using an Ultimate 3000 nano-ultra-high-
performance liquid chromatography (UHPLC) system (Dionex, Sun-
nyvale, CA, USA) connected to a Q Exactive mass spectrometer
(ThermoElectron, Bremen, Germany) equipped with a nano electro-
spray ion source. For liquid chromatography separation, an Acclaim
PepMap 100 column (C18, 3 mm beads, 100 Å, 75 mm inner diameter)
(Dionex, Sunnyvale CA, USA) capillary of 50 cm bed length was used.
A flow rate of 300 nL/min was employed with a solvent gradient start-
ing with 97% solvent A and 3% solvent B (A is always 100% B) to 35%
B for 97 min, and to 50% B for 20 min, and then to 80% B for 2 min.
Solvent A was 0.1% formic acid (in water) and solvent B was 0.1% for-
mic acid, 90% acetonitrile, and 9.9% water. The mass spectrometer
was operated in the data-dependent mode to automatically switch be-
tween mass spectrometry (MS) and tandemMS (MS/MS) acquisition.
Survey full scan MS spectra (from m/z 400 to 1,700) were acquired
with the resolution R = 70,000 at m/z 200 after accumulation to a
target of 1e6. The maximum allowed ion accumulation times were
100 ms. The method used allowed sequential isolation of up to the
ten-most intense ions, depending on signal intensity (intensity
threshold 1.7e4), for fragmentation using higher collision induced
dissociation (HCD) at a target value of 10,000 charges and a resolu-
tion R = 17,500. Target ions already selected for MS/MS were dynam-
ically excluded for 30 s. The isolation window was m/z = 2 without
offset. The maximum allowed ion accumulation for the MS/MS spec-
trum was 60 ms. For accurate mass measurements, the lock mass
option was enabled in MS mode, and the polydimethylcyclosiloxane
ions generated in the electrospray process from ambient air were used
for internal recalibration during the analysis.

Data Analysis

Data were acquired using Xcalibur v2.5.5 and raw files were processed
to generate peak list in Mascot generic format (*.mgf) using Proteo-
(human, 21.01.2016, 20187 proteins) assuming the digestion enzyme
trypsin, at maximum one missed cleavage site, fragment ion mass
tolerance of 0.05 Da, parent ion tolerance of 10 ppm, and oxidation
of methionines, and acetylation of the protein N terminus as variable
modifications. Scaffold (version Scaffold_4.4.3, Proteome Software,
Portland, OR) was used to validate MS2-based peptide and protein
identifications. Peptide identifications were accepted if they could
be established at greater than 95.0% probability by the Scaffold local
false discovery rate (FDR) algorithm. Protein identifications were
accepted if they could be established at greater than 99.9% probability.
A threshold of 2-fold and multiple testing corrections (p < 0.05,
Benjamini Hochberg) were used for analysis of differently expressed
proteins using the Scaffold software.
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