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Abstract

MicroRNAs (miRNAs) have recently come under scrutiny for their role in various age-related 

diseases. Similarly, cellular senescence has been linked to disease and aging. MicroRNAs and 

senescence likely play an intertwined role in driving these pathologic states. In this review, we 

present the connection between these two drivers of age-related disease concerning mesenchymal 

stem cells (MSCs). First, we summarize key miRNAs that are differentially expressed in MSCs 

and other musculoskeletal lineage cells during senescence and aging. Additionally, we also 

reviewed miRNAs that are regulated via traditional senescence-associated secretory phenotype 

(SASP) cytokines in MSC. Lastly, we summarize miRNAs that have been found to target 

components of the cell cycle arrest pathways inherently activated in senescence. This review 

attempts to highlight potential miRNA targets for regenerative medicine applications in age-related 

musculoskeletal disease.
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Introduction

Cellular senescence was first reported by Hayflick and Moorhead in 1961 when they 

observed serial passaging of human fibroblasts results in irreversible cell cycle arrest (1). 

Since then, senescence has been well characterized as a stress response that prevents the 

proliferation of dysfunctional cells by inducing an irreversible cell cycle arrest (2). It has 

been well established that cellular senescence occurs in response to DNA damage, oncogene 

mutations, oxidative stress, damage-associated molecular pattern molecules from diseased 

tissue, and various other cellular insults (3, 4).

Senescent cells exhibit structural changes that include enlarged and flattened morphology, 

altered plasma membrane composition, accumulation of lysosomes and mitochondria, and 

nuclear chromatin changes (3). Although senescent cells are impaired of their normal 

function, they remain metabolically active and have increased resistance to apoptosis (5). 

These cells often exhibit persistent activation of the DNA damage response with 

concomitant increases in cyclin-dependent kinase (CDK) inhibitors (6, 7). CDKs regulate 

various proteins necessary for progression through the cell cycle and prevent advancement 

when inhibited. The CDK inhibitors p16INK4a (encoded by CDKN2A) and p21 (encoded 

by CDKN1A) have been highly implicated in senescence, along with their respective tumor 

suppressor pathway components retinoblastoma (Rb) and p53 (8). Specifically, p16 inhibits 

the G1 to S phase transition via inhibition of CDK4 and CDK6, thus preventing the 

phosphorylation of pRb (9). p21 acts similarly via inhibition of CDK2 among other CDKs 

(10). Senescent cells are also well characterized by their altered secretome consisting of 

proinflammatory cytokines, chemokines, and extracellular matrix proteins, collectively 

known as the senescence-associated secretory phenotype (SASP) (11, 12). When secreted 

into the extracellular milieu the SASP creates a toxic microenvironment that affects 

neighboring cells in a paracrine manner, likely inducing additional senescent cell 

accumulation (13).

Despite the growing implications of cellular senescence, identification of senescent cells 

remains challenging as the phenotypic expression is variable, and no marker is particularly 

specific to senescence (14). Of the tumor suppressor markers, p16 remains one of the most 

highly used cellular senescence markers (15). Furthermore, increased lysosomal content and 

activity of senescent cells have been leveraged for identification of senescent cells via the 

lysosomal enzyme senescence-associated β-galactosidase (SA β-Gal) (16). Detection of SA 

β-Gal has become one of the most widely accepted markers of senescence. Among other 

notable markers of senescence includes the downregulation of lamin B1, a structural 

component of the nuclear lamina (17). Impaired production of lamin A has also garnered 

attention for a potential role in senescence (18). Given the array of features mentioned 

above, there appears to be a growing need to develop biomarker panels specific for each 

senescence subtype (19).

Senescent cells’ ability to resist growth in the presence of growth stimuli and oncogenic 

insults highlights the widely accepted role of senescence as a tumor suppressor – a 

speculated theory for the evolutionary development of senescence (20–22). Senescent cells 

have also been well recognized for their beneficial role in various other physiologic contexts. 
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Developmentally programmed senescence occurs during mammalian embryonic 

development, and its impairment leads to detectable developmental abnormalities (23, 24). 

In a similar tissue remodeling context, senescence has also been found to direct wound 

healing and tissue repair (25–27). Despite the established benefits of senescent cells, 

deleterious effects can occur when prolonged senescence persists and becomes chronic. For 

instance, senescent cells are recognized for their role in tissue dysfunction with aging and 

age-related diseases as well as their promotion of tumorigenesis (28).

Mounting evidence indicates these deleterious effects are normally prevented by the removal 

of senescent cells via the immune system, termed senescence surveillance (29–31). Natural 

killer cells target senescent cells via perforin exocytosis, bypassing the upregulated anti-

apoptotic pathway, while macrophages and T cells known to clear senescent cells through 

less understood mechanisms (32, 33). The SASP has been implicated in the recruitment and 

activation of immune cells, highlighting one of its beneficial roles (32). However, chronic 

secretion of SASP drives tissue dysfunction and age-related pathologic conditions (28, 34). 

Interestingly, senescent cell numbers have been found to correlate with organism age across 

various species, including rodents, primates, and humans (35–37). Multiple proposed 

mechanisms for this observed phenomenon exist, likely acting together in concert. In 

advanced age, the immune system’s impaired function is thought to decrease the clearance 

of senescent cells (28). Ovadya et al. (2018) demonstrated immune function impairment in 

mice (perforin gene knockout) resulted in a higher burden of senescence and age-related 

disorders while lowering survival (31). Notably, senolytic therapy, a class of drugs that target 

the senescent cell anti-apoptotic pathway (SCAP) for removing senescent cells, reversed the 

age-related phenotype in these mice. Furthermore, chronic senescence is thought to result 

from stress-induced macromolecular damage that accumulates over an organism’s lifespan 

(28, 38). Oxidative stress levels are known to increase in aging and could very well 

contribute to increased senescence. Both scenarios lead to chronic elevation of the SASP, 

which induces paracrine senescence and further increases the overall burden of senescence.

Without exception, the musculoskeletal system has also been found to accumulate senescent 

cells with normal chronological aging. In aged bone osteoblast progenitors, osteoblasts, and 

osteocytes express increased senescent markers with osteocytes also express significantly 

higher SASP markers (39). In aged muscle, satellite cells shift from a quiescent resting state 

to a presenecent state that results in deep senescence under proliferative pressure (40). Many 

reports suggest that the accumulation of senescent cells in old age is detrimental and drives 

physiological aging while reducing a healthy lifespan (41–43). One study found that 

individuals with greater senescent cell numbers possess a higher risk of experiencing frailty 

(44). Consistent with this finding, suppression of the SASP has been shown to alleviate 

frailty in aged mice (45). Furthermore, transplantation of senescent cells into young and old 

mice causes persistent physical dysfunction and reduced survival (46).

Senolytic therapy in senescent transplanted mice and naturally aged mice reduces physical 

dysfunction and mortality while increasing lifespan. Senolytic therapy has also been shown 

to alleviate age-related bone loss in mice, resulting in anti-resorptive and anabolic effects on 

bone (47). These findings suggest a role for senescence in the pathophysiology of 

osteoporosis. Senescence is also implicated in the pathophysiology of osteoarthritis (48). 
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Increased levels of senescent chondrocytes have been found in damaged cartilage of 

osteoarthritis patients (49). Furthermore, transplantation of senescent cells can induce an 

osteoarthritis-like state in mice (50). Additionally, senescent cells accumulate in the articular 

cartilage and synovium of mice after articular joint injury, and selective removal of these 

cells via senolytics attenuates the development of post-traumatic osteoarthritis (51). 

Senescence has also been implicated in sarcopenia’s pathophysiology, with clearance of 

senescent cells resulting in delayed onset of lordokyphosis (a measure of sarcopenia) in 

progeria mice (41, 42). In addition to their role in musculoskeletal disease, senescent cells 

are implicated in many other diseases ranging from atherosclerosis to idiopathic pulmonary 

fibrosis and diabetic nephropathy (52–54). Building upon the aforementioned results in 

animal models, clinical trials are underway to evaluate senolytics for their safety and 

efficacy in humans. The first-in-human trial of senolytics was performed on a small cohort 

of patients with idiopathic pulmonary fibrosis. It resulted in a significant and clinically 

meaningful improvement in physical function (55). Subsequent studies have demonstrated 

that senloytic treatment effectively reduces senescent cell burden and plasma levels of SASP 

factors in multiple disease states (56, 57). Ongoing trials aim to evaluate efficacy in the 

musculoskeletal application, such as the treatment of osteoarthritis (NCT04210986).

In the field of regenerative tissue engineering, mesenchymal stem cells (MSCs) have become 

a cornerstone of therapeutic potential. MSCs have vast implications in age-related diseases. 

Declines in MSC pools have been linked with premature aging disorders such as Werner 

progeria syndrome (58). Furthermore, the transplantation of young MSCs has been shown to 

increase the lifespan of progeria mice (59). More specifically, MSC dysfunction and attrition 

have been linked to age-related musculoskeletal pathology. Thus, MSCs play a vital role in 

aging and associated disease. While MSCs have been proposed for many therapies, 

limitations to their efficacy do exist. Many of these limitations, such as poor proliferation, 

migration, and differentiation properties, are potentially related to cellular senescence (60–

62). Before autologous injection, MSCs often require expansion in vitro, which provides an 

opportunity for replicative senescence (63). Furthermore, MSCs taken from older individuals 

are likely to have a higher burden of senescence (64, 65). The ability to remove these 

detrimental cells before host grafting could significantly improve therapeutic potential.

The altered protein expression of senescent cells is well studied and characterized. Recent 

studies demonstrated the involvement of microRNAs (miRNAs) in MSCs senescences. 

MiRNAs are a form of epigenetic regulation that alters gene expression without changing 

genetic code. MiRNAs are short non-coding nucleotide sequences that selectively bind to 

mRNA sequences at the 3’-untranslated regions (3’-UTR). Upon binding, the miRNA 

inhibits translation or promotes the target mRNA’s degradation, thus negatively regulating 

the gene expression at the post-transcriptional level (66). MiRNAs have been studied for 

their role within cellular senescence (67, 68). However, their role in MSCs senescence and 

aging has not been fully characterized. With this review, we hope to highlight potential 

miRNAs modulating senescence in MSCs.

Potter et al. Page 4

Bone. Author manuscript; available in PMC 2022 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT04210986


MiRNAs Differentially Expressed in Senescent MSCs

miRNA has been found to play critical roles in many age-related diseases, including 

cardiovascular and neurological diseases previously reviewed by Dimmeler and Nicotera 

(69). Studies have gone on to implicate various miRNA in musculoskeletal disease as well 

(70). As mentioned previously, there is a growing body of evidence showing senescent cells 

drive a wide spectrum of diseases and pathological states. Musculoskeletal disease and aging 

are without exception. Differentially expressed miRNA in cellular senescence has been well 

reported, with most results predominantly focusing on senescent fibroblasts (67, 68). In this 

review, we will turn our attention to MSCs. Numerous differentially expressed miRNA have 

been identified in senescent MSCs, and resultantly these likely contribute to disease and 

aging of the musculoskeletal system.

miRNA previously identified as cell cycle regulators have been found to correlate with 

senescence. For example, the miR-17 family is recognized as cell cycle regulators via direct 

targeting of p21 (71). miR-93 and miR-20a, which reside in the miR-17 family, have been 

found to decrease in senescent MSCs (72) and target p21 (73–76). The decline in these 

miRNAs levels is critical in the concomitant up-regulation of p21, and the overexpression of 

these miRNAs significently attenuate senescence (73–76). Indirect regulation of cell cycle 

arrest proteins p21 and p53 via miRNA has been reported in early senescence. Okada et al. 

(2016) reported elevated levels of miR-195 in old aged donor MSCs and senescent MSCs 

(77). This miRNA directly targets the 3’UTR of SIRT1 and TERT (77, 78). SIRT1 is a 

regulator of p53 deacetylation and known for its ability to inhibit senescence in various cell 

types (79). TERT encodes for telomerase, which prevents telomere shortening, a widely 

observed phenomenon in cellular senescence (80, 81). miR-195 inhibition in old MSCs 

induces telomere lengthening, increases SIRT1 expression, decreases p53 expression, and 

decreases SA B-galactosidase activity (77). miR-486-5p has also been found to increase in 

old MSCs derived from adipose tissue (82). Forced expression of this miRNA inhibits 

osteogenic and adipogenic differentiation and induces senescence of MSCs. Furthermore, 

this mRNA is known to target SIRT1, and miR-486-5p inhibitor results in the prevention of 

SIRT1 suppression. MicroRNA-204 is upregulated in stress-induced senescent chondrocytes 

and osteoarthritic cartilage (83). This miRNA has been shown to directly target SIRT1 in 

mouse embryonic stem cells (84). Ectopic expression of this miRNA is sufficient to trigger 

osteoarthritis development in mice, while knockdown ameliorates surgically induced 

osteoarthritis in mice and suppresses SASP development (83). Saunders et al. (2010) 

reported that miR-204 upregulated in senescent HUVECs (85).

Similarly, BMI1 is a known regulator of p16INK4a and inhibitor of senescence in various 

cell types (86). The miR-495 target BMI1 and induce the senescence of MSCs measured by 

increased SA B-galactosidase activity and elevated p16INK4a, p53, and p21 gene 

expressions (87). The conditioned media collected from miR-495 overexpressed MSCs has 

been found to inhibit the migration of multiple cell types, including MSCs. This is consistent 

with the known paracrine effect of the SASP to induce senescence in otherwise healthy 

neighboring cells.

Other miRNAs linked to senescence in MSCs are associated with lamin A. MiR-141-3p 

levels are elevated in senescent MSCs. This miRNA target ZMPSTE24, an enzyme that 
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produces mature lamin by cleavage of prelamin A, leading to prelamin A accumulation 

within the nuclear envelope (88). Interestingly, the accumulation of prelamin A has been 

shown to drive senescence in MSCs. The other miRNAs that indirectly regulate lamin A are 

miR-543 and miR-590-3p. miR-543 and miR-590-3p target AIMP3/p18 to prevent the 

induction of cellular senescence in MSCs (89). These miRNAs decrease under senescence 

inducing conditions with a concomitant rise in AIMP3/p18. Supporting these findings, a 

group of researcher reported the overexpression of AIMP3/p18 cause progeria in mouse 

models and sufficient to induce senescence via downregulation of mature lamin A (89, 90).

Additional miRNAs are known to inhibit MSC proliferation, migration, and differentiation 

have also been implicated in senescence, such as miR-335 (91). This miRNA increases in 

aged MSCs as well as senescent MSCs induced by various insults such as γ-irradiation (92, 

93). Forced miR-335 expression increases MSC senescence measured by SA B-

galactosidase activity, p16INK4a levels, and SASP development with concomitant decreases 

in SOD2. It is also elevated in EVs of adult MSCs (94). When taken together, this suggests 

miR-335 may be a SASP component. This miRNA was shown to act through inhibition of 

AP-1 activity, a transcription factor known to promote bone formation (95). Several groups 

have also reported significant declines in miR-335* and miR-335-5p in aged MSCs (92, 96). 

As seen in Table 1, miR-335 is upregulated, while miR-335* is down-regulated across 

multiple studies.

Dimri et al. (2013) reported that miR-141 induces senescence in fibroblasts via targeting 

BMI1 with a concomitant rise in p16INK4a (97). Other known miR-141 gene targets in 

BMSCs includes BMI1, SDF-1, SVCT2, and DLX5 (98). These factors are known to 

regulate BMSC differentiation, migration, and stem cell proliferation (99–102). Previously, 

our group reported that miR-141 targets SDF-1 and vitamin C transporter (SVCT2) and 

inhibits osteogenic differentiation of MSCs. Furthermore, we showed that this miRNA 

expression increases with age in bone and MSCs of mice and humans. This suggests that 

miRNA-141 plays an important role in MSC aging (98, 102, 103).

MiR-1292 has been found to accelerate senescence and reduce osteogenesis in adipose-

derived MSCs (104). The knockdown of this miRNA showed the opposite effect, decreasing 

senescence and enhancing osteogenesis. Similarly, in clinical bone samples, miR-1292 was 

positively correlated with senescence and negatively correlated with osteogenic markers 

ALP, OXN, and RUNX2. This miRNA mediates its effect through the Wnt/B-catenin 

pathway by targeting frizzled gene family member Frizzled-4 (FZD4). Another miRNA of 

interest is miR-188, which is elevated in BMSCs derived from aged mice and humans (105). 

This miRNA target MAP3K3 in lineage-negative bone marrow cells, whereas its 

overexpression enhances senescence (106). Moreover, knockout and inhibition of this 

miRNA demonstrated less age-related bone loss and bone marrow fat accumulation. 

Conversely, forced expression of miR-188 led to increased age-related bone loss and bone 

marrow fat accumulation. Histone deacetylase 9 (HDAC9) and RPTOR-independent 

companion of MTOR complex 2 (RICTOR) were identified as the direct targets of miR-188. 

This miRNA appears to be a key regulator in the age-related switch in BMSC differentiation 

from osteogenesis to adipogenesis with additional implications in senescence. 
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MicroRNA-188 target various cyclins and CDKs (downstream of p21 and p16INK4a genes), 

but this has not yet been observed in MSCs (107).

Several studies utilize miRNA arrays to determine panels of differentially expressed miRNA 

in senescent MSCs. In Table 1, we present differentially expressed miRNA found in both 

senescent and aged MSCs/osteoblasts across multiple studies. Several miRNAs are found to 

be differentially expressed similarly in senescent versus aged MSCs and osteoblasts. These 

findings are consistent with the widely reported phenomenon that senescent cells accumulate 

in old age and suggest that aged MSCs exist in a presenescent state.

MiRNAs in the SASP of Senescent MSCs

It has been well recognized that senescent cells secrete a distinct profile of proteins, which 

has collectively been termed the senescence-associated secretory phenotype. The SASP 

factors serve to mediate an inflammatory response and contribute to various age-related 

pathological conditions (7, 11). Furthermore, the SASP is thought to possess the capability 

of inducing senescence in neighboring cells (13). If true, this would serve a protective effect 

within tumor microenvironments, as neoplastic cells would be turned off. However, it is 

known that the SASP induce many pro-neoplastic effects as well, such as angiogenesis and 

epithelial-mesenchymal transition (108, 109). There has been an indication that other 

molecules are also secreted in conjunction with the SASP, including miRNA within 

extracellular vesicles (EVs) (96, 110). Recently studies have shown that these secreted 

miRNA can stimulate senescence-like features in neighboring cells (111).

Our group recently identified that miR-183-5p increases with age in EVs isolated from bone 

marrow (112). We also reported that old bone marrow-derived EVs are taken up by young 

BMSCs and inhibit osteogenic differentiation. Furthermore, transfections of miR-183-5p 

mimic reduce cell proliferation, heme-oxygenase-1 (Hmox1) protein level, and increase 

senescence in BMSCS (60). Previously, another group also reported that the miR-183 cluster 

has anti-apoptotic roles in various malignancies, which is consistent with its suggested role 

in age-induced senescence (113). Moreover, we recently have shown that muscle-derived 

miR-34a increases with age in circulating extracellular vesicles and induces senescence in 

bone marrow stem cells (114). In vitro, myoblast and myotube derived EVs treated with 

hydrogen peroxide have elevated miR-34a-5p levels. Furthermore, these EVs home to and 

induce cellular senescence in BMSCs, likely through the miR-34a-5p targeting SIRT1. 

miR-34a targeting of SIRT1 has been previously well established across a variety of cell 

types. The overexpression of miR-34a in MSCs is known to induce apoptosis and 

senescence (5, 115). Further linking senescence to musculoskeletal disease, miR-34a has 

also been shown to contribute to osteoarthritis progression (116). This miRNA is 

upregulated across multiple age-related pathological conditions (see Table 1).

Terlecki-Zaniewicz and group (2018) reported that miR-17-3p and miR-199b-5p decrease in 

EVs of senescent fibroblasts (111). miR-199b-5p is also down-regulated in senescent MSCs 

and those from aged donors, as indicated in Table 1 (117, 118). miR-17-3p is down-

regulated in senescent MSCs as well as skin fibroblasts aging models (119, 120). The 

miR-23a-5p expression upregulated in senescent fibroblasts and EVs secreted by these cells. 

In a separate study, miR-23a was reported to prevent TNFα induced osteoblast apoptosis via 
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targeting Fas (121). Interestingly, miR-23a is also shown to regulate the osteogenic 

differentiation of BMSCs (122). Forced expression of this miRNA in MSCs promotes 

osteogenic differentiation by targeting TMEM64, whereas inhibition promotes adipogenic 

differentiation. However, another group found miR-23a cluster knockdown to decrease 

cellular differentiation of preosteoblasts (123). Furthermore, the miR-23a cluster has also 

target SATB2 directly and regulate TGF-B signaling in osteoblasts to promote terminal 

osteocyte differentiation (124). Further supporting its role in terminal differentiation, 

miR-23a levels are shown to increase throughout osteoblast differentiation (125). miR-23a is 

elevated in bone and serum of osteoporotic patients with fractures, possibly representing a 

rise in differentiating osteoblasts during fracture healing (126).

miR-31 is another circulating miRNA found to be differentially expressed with age. This 

miRNA is elevated in the plasma of elderly and osteoporotic patients (127). miR-31 is a 

master regulator of osteogenesis via targeting RUNX2, Osterix, and SATB2 (128, 129). It 

was recently found to be upregulated in replicative and stress-induced senescent endothelial 

cells of a variety of tissue origins (127). This miRNA also upregulated in senescent 

endothelial cells microvesicles. These microvesicles were found to inhibit osteogenic 

differentiation of MSCs by targeting Frizzled-3 (FZD3). Furthermore, miR-31 is known to 

induce senescence in cancer cells (130). In hepatocellular cancer, this miRNA directly 

targets CDK2 (131). This suggested that miR-31 is released as part of the SASP and 

potentially induce senescence in MSCs.

miRNAs in MSCs Regulated by Known SASP Factors

To date, the SASP is predominantly recognized for its secretory phenotype of several key 

proteins, previously reviewed by Coppe et al. (11). Most SASP factors are inflammatory 

cytokines, with prominent factors including IL1α, IL1β, IL6, and IL8. IL1β is known to 

induce p16INK4a in vitro, which is consistent with the ability of the SASP to induce 

paracrine senescence (132). The SASP is also comprised of shed cell surface molecules, 

including sTNFR1 and sTNFRII, known receptors of inflammatory cytokine TNF-α (11). 

TNF-α is known to elevate with aging; therefore the SASP could make cells more 

vulnerable to an age-associated increase in TNF-α (133). Some studies even included TNF-

α as part of the SASP. We present several miRNAs that could be linked with senescence 

induction via key SASP proteins.

TNF-α, a SASP associated factor, suppresses miR-21 in MSCs. Furthermore, miR-21 has 

been found to decrease in senescent MSCs and EVs of adult MSCs (94, 119). This miRNA 

is also known to be down-regulated in BMSCs of postmenopausal osteoporosis patients and 

ovariectomized mice (134). Recombinant expression yields increased osteoblastogenesis in 

vitro and increased bone formation in vivo. These results suggest the SASP could help 

induce senescence in neighboring cells via intracellular regulation of miR-21. Interestingly, 

in breast cancer cells, this miRNA has been shown to target E2F2, a downstream effector of 

p21 and p16INK4a (135).

TNFa also regulates other miRNAs. miR-146a-5p is elevated in aged MSCs, EVs secreted 

from aged MSCs, senescent MSCs, and microvesicles of senescent MSCs (77, 94, 96). This 

miRNA is known to modulate NF-KB and the SASP of senescent cells (136). Anti-TNFα 
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treatment decreases miR-146-5p in senescent cells with concomitant SASP reduction but 

does not reduce senescence levels measured by classic markers such as SA B-galactosidase 

and p16INK4a (137). MicroRNA-146a is also known to upregulate in osteoarthritis cartilage 

and rheumatoid arthritis synovial fluid. Furthermore, its expression is upregulated in human 

articular cartilage and rheumatoid arthritis synovial fibroblasts via IL1β, a known SASP 

component (138, 139).

IL1β is also known to regulated the expression of miR-24. This miRNA is noted to decrease 

with replicative senescence (140). Furthermore, miR-24 is known to target p16INK4a in 

various cell types, and ectopic expression reduces p16INK4a protein levels. It has also been 

reported that miR-24 repression correlates with p16INK4a upregulation in IL1β induced 

senescent OA chondrocytes (132). Furthermore, this miRNA is shown to target p16INK4a in 

several cell lines (140, 141). Taken together, this suggests IL1β could induce senescence by 

down-regulating miR-24, which in turn relieves pressure on p16INK4a in mesenchymal 

lineage cells.

miRNAs Known to Target Senescence Pathways

As elicited throughout this review, two well-established cell cycle arrest pathways are 

predominantly activated in cellular senescence: the p53 and p16INK4a pathways. In the p53 

pathway, DNA insult leads to DNA damage response where ATM/ATR kinases 

phosphorylate p53, thus transforming it into its activated state (142). Activation and positive 

feedback also occur via the stress-induced p53 stabilizer ARF, known as p14 in humans and 

p19 in mice (143, 144). Once phosphorylated, p53 dissociates from MDM2, a ubiquitination 

protein, and translocates to the nucleus where p21 gene expression is induced. Subsequently, 

p21 inhibits CDK2 activity and prevents it from phosphorylating pRb (145). 

Hypophosphorylated pRb remains bound to the E2F transcription factors, and cell cycle 

arrest is maintained at the G1/S transition. The alternative pathway is mediated through an 

increase in p16INK4a. P16INK4A inhibits the activity of CDK4/6, which prevents these 

kinases from phosphorylating pRb. Resultantly, pRb remains associated with E2F 

transcription factors, thus preventing the cell from passing the G1/S transition (146). The 

rise in p53-activation, p21, p16INK4a, and pRb-activation are widely accepted hallmark 

signs of cellular senescence, and their inhibition shows promising results in relieving 

senescence.

Many miRNAs known to target these senescent associated cell cycle regulators in various 

cancer and other cell lines (See Table 2). It should be noted that several of these miRNA acts 

in feedback loops with intermediate regulators such as MDM2 and SIRT1. (147). One good 

example of this is miR-34a, which is upregulated by p53 and downregulates SIRT1, a p53 

inhibitor, thus creating a positive feedback loop. Similar examples exist for MDM2, where 

various miRNAs such as miR-143 and miR-145 are upregulated by p53 and downregulate 

MDM2 (148). Conversely, other miRNA inhibitors of MDM2 such as miR-25 and miR-32 

are repressed by p53 (149). Yet still, other miRNA inhibitors of MDM2, such as miR-17-3p, 

do not appear to have any effect on p53 levels (150). The need for further elucidation of 

these pathways is clear.
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Up to this point, only a select few miRNAs from Table 2 have been demonstrated to 

modulate senescence. These are presented in Figure 1. The remaining miRNAs in Table 2 

can be correlated with senescence as they are shown to inhibit key proteins in senescent 

pathways. For example, E2F1 inhibition leads to senescence in cancer cells (151, 152). 

Inhibition of CDK4/6 known to induce senescence in multiple cancer cell lines, with similar 

results shown using FDA approved CDK4/6 inhibitor palbociclib (153, 154). Inhibition of 

CDK2 is sufficient to induce early senescence in vitro as well as in an in vivo tumor model 

(155). Depletion of Cyclin D1 disrupts the oxidative balance and induces senescence in 

cancer cells, but interestingly this occurs through a pRb-independent manner (156).

It should be noted that Cyclin D1 and Cyclin E expression elevated in senescence, but this 

could represent a compensatory mechanism (157). E2F1 is known to block the promoter of 

Cyclin D1, whereas E2F4 blocks the transcription of Cyclin E, possibly explaining the 

observed rise in these cyclins during senescence as pRb levels increase (158, 159). We 

highlight specific miRNAs shown to be directly associated with cellular senescence as 

follows.

MiRNAs targeting the p53 pathway

The miR-25 and miR-30d have been shown to reduce senescence in HCT116 cells by 

directly targeting the 3’UTR of p53 (160). The miR-380 prevent RAS-induced senescence in 

vivo by targeting p53 (161). Similarly, miR-19b also targets p53 and reduces senescence in 

HeLa and MCF7 cells (162). Another critical cell cycle regulatory protein p21 is inhibited 

by multiple miRNAs (such as the miR-106b family,miR-130b, miR-302a, miR-302b, 

miR-302c, miR-302d, miR-512-3p, and miR-515-3p) which have been shown to rescue 

HMECs from RasG12V-induced senescence (163). Some of these miRNAs are validated 

targets of p21 (Table 2). Furthermore, inhibition of p21 by miR-302a/b/c/d is conserved in 

human embryonic stem cells (164). Hong et al. (2010) reported that the miR-17-92 gene 

cluster inhibits oncogenic ras-induced senescence. They reveal that miR-17 and miR-20a are 

resistant to ras-induced senescence by directly targeting p21 (73). Yi et al. (2012) reported 

that miR-663 directly targeted p21 to promote the cellular G1/S transition in CNE1 and 5–

8F cells (165). It have been previously demonstrated that p53 function is inhibited by Mouse 

double minute 2 homolog (MDM2) protein (166). Jansson et al. (2015) reported that 

miR-339-5p targets MDM2 and thus promotes p53 function. The overexpression of 

miRNA-339-5p leads to cell proliferation arrest and senescence by positively impacting p53 

function, whereas inhibition of miR-339-5p reverses it (166).

miRNA targeting the p16INK4a pathway

p16INK4A plays a central role in cell cycle regulation, specifically inhibiting the G1 phase’s 

progression to s phase of the cell cycle. MicroRNAs targeting this important cell event affect 

normal cellular physiology. Philipot et al. (2014) reported that miR-24 is a negative regulator 

of p16INK4a. They reported that IL-1b induces the expression of p16INK4a and represses 

miR-24 level, in osteoarthritic cartilage and during terminal chondrogenesis (132). Similar 

findings have been reported in human diploid fibroblasts and cervical carcinoma cells that 

miR-24 suppresses p16 expression (140). Furthermore, in replicative senescence, a 

decreased level of miR-24 is associated with increased p16 expression. In contrast to the 
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traditional inhibitory role if miRNAs, miR-877-3p has been found to bind the promotor site 

of p16INK4a to upregulate its mRNA and protein levels in bladder cancer cells lines T24 

and UM-UC-3 (167). Several other miRNAs indirectly enhance p16 levels by targeting 

polycomb group complexes PRC1 and PRC2 and have been shown to induce senescence in 

various cell lines, as depicted in Figure 1. Cyclin D1 is targeted by miR-449a and induces 

senescence in DU-145 prostate cancer cells (168). MiR-205 targets E2F1 and induce 

senescence in melanoma cells, with a concomitant rise in p16INK4a likely representing a 

secondary role consistent with E2F1 inhibition (169). Furthermore, miR-203 targets E2F3 

and induce senescence in melanoma cells (170). The inhibition of these pathways needs to 

be further explored in detail. For instance, studies have found that multiple pRb family 

members, including p107 and p130, act in redundancy (144). Thus, targeting a single pRb 

family member via miRNA might not inhibit senescence.

miRNA targeting SIRT1 dependent senescence

As mentioned above, SIRT1 plays an important role in senescence biology. SIRT1 is a 

validated target of miRNA-34a, a miRNA that has been reported to cause senescence in 

endothelial cells (171). The miR-449 is also known to cause senescence in gastric cell lines 

SNU638 and MKN74 by targeting SIRT1 (172). Similarly, miR-22 targets SIRT1 and induce 

senescence in human fibroblasts, senescence phenotypes in breast epithelial, and cancer cells 

(173). Menghini et al. (2009) reported that miR-217 inhibits expression of SIRT1 by 

targeting it’s 3’UTR and causes premature senescence-like phenotype in young human 

endothelial cells (174). Cervo et al. (2012) identified SIRT1 as a direct target of multiple 

miRNAs (miR-138, miR-181a, and miR-181b), which are upregulated with senescence in 

human epidermal keratinocytes (HEKn) (175). These miRNAs mentioned above play an 

important role in SIRT1 regulation and cellular senescence.

miRNA Candidates for Further Research

Many of the miRNAs we present in this study appear to target multiple nodes in the 

pathways associated with senescence (presented in Table 2). miRNA that targets a greater 

number of nodes could play a more prominent or complicated role in senescence. miR-499a 

and miR-20a both target five nodes whereas miR-188 and miR-210 target four nodes. 

miR-200a, miR-34b, miR-34c miR-17-5p, and miR-138 target three nodes. miR-9, miR-26b, 

miR-101, miR-125b, miR-137, miR-181a, miR-181b, miR-424, miR-487b, miR-106b, 

miR-141, miR-143, miR-145, miR-15b, miR-17, miR-194, miR-195, miR-214, miR-218, 

miR-25, miR-31, and miR-503 all target two nodes. In addition to targeting multiple nodes 

in the senescence pathways, the miR-17 and miR-20a were differentially expressed in 

multiple studies (Table 1). Similarly, miR-424, miR-132-3p, miR-16, miR-19b, miR-30d, 

and miR-34a are also differentially expressed across multiple studies (Table 1) and have a 

specific target (Table 2). Lastly, miR-15b-3p, miR-188-3p, miR-199b-5p, and miR-218-5p 

were differentially expressed across studies (Table 1) while also having an unspecific arm 

(3p or 5p) bind cell cycle regulators (as seen in Table 2). While several of these miRNAs 

have already known to modulate senescence, others have not and would be good candidates 

for further investigation.
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For instance, one study found miR-17, miR-20a, and miR-106b target pRb in concert and 

promote cell progression via an increase in multiple E2F transcription factors, despite 

positive binding and likely inhibiting E2F1 mRNA (176). This is consistent with other 

findings that show miR-17-5p, miR-20a, and miR-106b target pRb (Table 2). However, these 

miRNAs also target p21 and E2Fs (Table 2). Furthermore, miR-17 and miR-20a have been 

reported to overcome Ras-induced senescence (73). miR-17 is also down-regulated across 

multiple studies in Table 1. Additionally, miR-17-3p targets MDM2 (Table 2) and is 

downregulated in senescent MSCs, and EVs secreted from senescent fibroblasts. The need 

for further clarification for the role of miR-17 in senescence is warranted. In general, we 

highlight the miR-17 family as good candidates for further research given their numerous 

targets in the cell cycle arrest pathway, especially miR-20a, differential expression in Table 

1, and their demonstrated ability to rescue senescence. Modulation of these miRNA may 

yield novel findings in pre-clinical models of senescence-related musculoskeletal pathology.

The Current State of miRNA Therapeutics

While the understanding of miRNAs and their role in human disease has grown 

exponentially since their discovery in the mid-90s, the clinical application of miRNA still 

possesses significant development opportunities. Presently miRNAs are most used 

commercially for diagnostic purposes. There are numerous miRNA diagnostic panels in 

clinical practice for various cancers, neurodegenerative disorders (multiple sclerosis, 

Alzheimer’s, Parkinson), cardiovascular disease, and inflammatory bowel disease (177). 

OsteomiR is a commercially available panel of 19 blood circulating miRNA for determining 

fracture risk in the setting of osteoporosis, serving as an alternative to DXA scanning (178). 

Given the role of senescence in osteoporosis, osteoarthritis, and other musculoskeletal 

diseases, the detection of senescent cells could serve to identify these pathologic conditions. 

As established above, the role of miRNA as components of the SASP is becoming more 

evident and could provide a link to diagnostic applications. Studies have already pointed to 

the potential role of microvesicles and their contained miRNA as biomarkers to identify 

senescent MSCs (96). Future research is needed to determine if distinct panels of biomarkers 

exist for senescent cells of varying tissues and origins.

miRNA-based therapeutics are beginning to enter the market for clinical application. There 

are currently several therapeutics in Phase 1 and Phase 2 clinical trials, as reviewed by 

Bonneau et al. (177). These therapeutics fall into one of two categories: miRNA mimics or 

antagomiRs. Mimics are used to functionally replenish miRNA that decreases in a given 

pathologic condition while antagomiRs perform the inverse by suppressing overexpressed 

miRNA (179). The use of miRNA therapeutics to treat senescence-related musculoskeletal 

pathology is a logical next step. Currently, a small molecule inhibitor of the p53/MDM2 

protein interaction (UBX0101) is undergoing clinical trials to treat osteoarthritis via 

localized injection (NCT03513016). Mimics and antagomiRs of various miRNA implicated 

above in osteoarthritis (miR-24, mir-34a, miR-146a, miR-204) should be evaluated for 

similar applications. For example, building off their pre-clinical findings, Kang et al. (2019) 

proposes the use of miR-204 antagomiRs to attenuate the SASP and prevent the transition of 

osteoarthritis to a rapidly progressing pathological phase (83).
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Conclusion

Selectively removing senescent cells along with SASP attenuation is becoming a prominent 

goal in aging research. Given the vast quantity of studies implicating the critical role of 

miRNAs and senescence in tissue pathology, we postulate they are acting cooperatively to 

drive age-related musculoskeletal disease and dysfunction. Herein we focused on the 

characterization of miRNA predominantly in senescent MSCs, as these progenitors are 

fundamentally required for musculoskeletal tissue maintenance. Of note, throughout this 

characterization, we summarized emerging evidence that supports the novel concept that 

miRNA could be differentially secreted as part of the SASP. Building upon this information, 

therapeutic interventions leveraging miRNA to remove detrimental senescent cells and their 

inflammatory secretome show great potential for improving the way we age.
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Highlights

• MicroRNAs and senescence play an intertwined role in driving age-related 

complications.

• MicroRNAs are differentially expressed in MSCs during senescence and 

aging.

• MicroRNAs in MSCs regulated by known SASP Factors.

• MicroRNAs target number of Senescence pathways

• MicroRNAs-based therapeutics have potential to prevent or reduce premature 

senescence.
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Figure 1. 
p53 and p16INK4a senescence pathways with miRNA mediators previously shown to 

induce or rescue senescence via direct targeting of pathway nodes confirmed via luciferase 

assay
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Table 1.

Differentially expressed (up and downregulated) miRNA in senescent versus old MSCs/osteoblasts.

Differentially Expressed - Up Regulated

Wagner et 
al (180)

Kundratos 
et al (181)

Yoo et al 
(118)

Meng et al 
(182)

Chen et al 
(183)

Li et al 
(184)

Okada 
et al 
(77)

Hackl 
et al 
(120)

Pandey 
et al 
(92)

Senescent Senescent Senescent Senescent Senescent Senescent Old Old Old

MSCs MSCs MSCs MSCs Osteoblasts Osteoblasts MSCs MSCs MSCs

miR-132-3p    O O     

miR-136-5p    O O     

miR-140   O**    O   

miR-224    O**  O    

miR-27a-3p    O O     

miR-27b    O**  O    

miR-30d   O O**      

miR-335  O**    O   O

miR-34a    O**    O  

miR-369-5p O   O      

Differentially Expressed - Down Regulated

Wagner et 
al (180)

Kundratos 
et al (181)

Yoo et al 
(118)

Meng et al 
(182)

Chen et al 
(183)

Li et al 
(184)

Okada 
et al 
(77)

Hackl 
et al 
(120)

Pandey 
et al 
(92)

Senescent Senescent Senescent Senescent Senescent Senescent Old Old Old

MSCs MSCs MSCs MSCs Osteoblasts Osteoblasts MSCs MSCs MSCs

let-7a    O**    O  

miR-130b-5p  O  O      

miR-15b-3p  O  O    O***  

miR-16    O**    O  

miR-17    O    O  

miR-188-3p  O       O

miR-199b-5p   O O      

miR-19b    O**  O  O  

miR-20a-5p    O O   O***  

miR-218-5p  O  O      

miR-222-5p    O O     

miR-224-5p  O   O     

miR-23b    O**    O  

miR-29b   O    O   

miR-335*     O    O
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Differentially Expressed - Up Regulated

Wagner et 
al (180)

Kundratos 
et al (181)

Yoo et al 
(118)

Meng et al 
(182)

Chen et al 
(183)

Li et al 
(184)

Okada 
et al 
(77)

Hackl 
et al 
(120)

Pandey 
et al 
(92)

Senescent Senescent Senescent Senescent Senescent Senescent Old Old Old

MSCs MSCs MSCs MSCs Osteoblasts Osteoblasts MSCs MSCs MSCs

miR-337-3p  O       O

miR-424     O   O O

miR-483-3p    O   O   

miR-7-5p  O  O      

miR-935  O      O  

*
Denotes the less predominant arm of the miRNA hairpin.

**
Denotes 3p or 5p arm was specified in the original literature but not reflected in this table.

***
Denotes miRNA arm not specified in the original literature.
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Table 2.

miRNA known to directly target nodes of the p53 and p16INK4a cell cycle arrest pathways confirmed via 

luciferase assay or similar methodology

Target Gene miRNA (and References)

p53

 miR-15a (185), miR-16 (185), miR-19b (162), miR-25 (160), miR-30d (160), miR-33 (186), miR-92 (187), miR-98 (188), 
miR-125a (189), miR-125b (190), miR-150 (191), miR-138 (192), miR-141 (187), miR200a (193), miR-214 (194), 
miR-374 (195), miR-380–5p (161), miR453 (188), miR-504 (196), miR-518c* (197), miR-638 (197), miR-1285 (198), 
miR-3151 (199)

MDM2

 miR-17–3p (150), miR-18b (200), miR-25 (149), miR-32 (149), miR-
143 (148), miR-145 (148), miR-192 (201), miR-193a (202), miR-194 (201), miR-215 (201), miR-221 (203), miR-339–5p 
(166), miR-509–5p
(204), miR-605 (205), miR-660 (206), miR-661 (207)

SIRT1

 miR-9 (208), miR-22 (173), miR-34a (115, 171), miR-100 (209), miR132–3p (210), miR-135a (84), miR-137 (209), 
miR-138 (175), miR-143
(211), miR-145 (211), miR-181a (175), miR-181b (175), miR-181c (208), miR-195 (78), miR-199a (212), miR-199b (84), 
miR-200a (213), miR-204 (84), miR-217 (174), miR-449a (172, 214), miR-486–5p (82)

p21

 miR-17 (73), miR-17–5p (74), miR-18a (74), miR-20a (73, 76), miR20b (74), miR-93 (74, 75), miR-106a (74, 215), 
miR-106b (74, 75,
163), miR-302a (163), miR-372 (74), miR-663 (165)

p16INK4a  miR-24 (140, 141), miR-31 (216), miR-877–3p (167)

BMI1  miR-128a (217), miR-141 (97, 98), miR-194 (218), miR-218 (219), miR-487b (220), miR-495 (87)

CBX7  miR-9 (221), miR-125b (222), miR-181a (222, 223), miR-181b (222)

EZH2  miR-26a (224, 225), miR-26b (223), miR-101 (226, 227), miR-137 (228), miR-138 (229), miR-210 (223), miR-365 (230)

EED  miR-26b (223), miR-101 (227), miR-210 (223), miR-424 (223)

SUZ12  miR-210 (223), miR-424 (223), miR-487b (220), miR-489 (231), miR767–5p (232)

Cyclin D
 miR-15b (233, 234), miR-34b (235), miR-34c (235), miR-188 (107), miR-195 (236), miR-449a (168, 235), miR-490–3p 

(237), miR-503 (238)

Cyclin E  miR-15b (233, 234), miR-188 (107)

CDK2  miR-31 (131), miR-188 (107)

CDK4  miR-188 (107)

CDK6  miR-200a (239), miR-449a (240), miR-449b (240)

pRb  miR-17 (176), miR-17–5p (241), miR-20a (176), miR-106b (176)

E2F1  miR-17–5p (242), miR-20a (242, 243), miR-205 (169), miR-331–3p (244), miR-493 (245)

E2F2  miR-20a (242, 243), miR-21 (135), miR-34b (235), miR-34c (235), miR-218 (246), miR-449a (235)

E2F3
 miR-20a (242, 243), miR-34b (235), miR-34c (235),

miR-203 (170), miR-203a (247), miR-210 (248), miR-214 (249), miR-449a (235), miR-503 (238), miR-577 (250)

E2F5  miR-154 (251)
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