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Abstract

Skeletal regenerative medicine aims to repair or regenerate skeletal tissues using 

pharmacotherapies, cell-based treatments, and/or surgical interventions. The field is guided by 

biological principles active during development, wound healing, aging and carcinogenesis. 

Skeletal development and tissue maintenance in adults represent highly intricate biological 

processes that require continuous adjustments in the expression of cell type specific genes that 

generate, remodel and repair the skeletal extracellular matrix. Errors in these processes can 

facilitate musculoskeletal disease, including cancers, or injury. The fundamental molecular 

mechanisms by which cell type specific patterns in gene expression are established and retained 

during successive mitotic divisions require epigenetic control, which we review here. We focus on 

epigenetic regulatory proteins that control the mammalian epigenome at the level of chromatin 

with emphasis on proteins that are amenable to drug intervention to mitigate skeletal tissue 

degeneration (e.g., osteoarthritis and osteoporosis). We highlight recent findings on a number of 

druggable epigenetic regulators, including DNA methyltransferases (e.g., DNMT1, DNMT3A, 

DNMT3B) and hydroxylases (e.g., TET1, TET2, TET3), histone methyltransferases (e.g., EZH1, 

EZH2, DOT1L), as well as histone deacetylases (e.g., HDAC3, HDAC4, HDAC7), and histone 

acetyl readers (e.g., BRD4) in relation to the development of bone or cartilage regenerative drug 

therapies. We also review how histone mutations lead to epigenomic catastrophe and cause 

musculoskeletal tumors. The combined body of molecular and genetic studies focusing on 

epigenetic regulators indicates that these proteins are critical for normal skeletogenesis and viable 

candidate drug targets for short-term local pharmacological strategies to mitigate musculoskeletal 

tissue degeneration.
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Introduction

Musculoskeletal tissue degeneration is a principal reason for surgical and non-surgical 

orthopedic procedures that aim to promote repair and regeneration, reduce pain, and increase 

mobility in injured and/or aging patients. Pre-surgical options for orthopedic regenerative 

medicine include pharmacological or cell-based therapies that emerged from a thorough 

understanding of the molecular pathways that control inflammation, as well as 

musculoskeletal development and degeneration. Regenerative processes must ultimately 

modulate the activity of biochemical and molecular pathways that operate in cells residing 

within or surrounding the joint (e.g., cartilage, synovium, bone, ligament, tendon, muscle, 

blood vessels and nerves). Many non-surgical therapies have traditionally relied on cell 

surface-related pathways or on compounds that pass easily through the cell membrane, but 

our rapidly expanding knowledge of epigenetic mechanisms that operate within the nucleus 

now permit consideration of a fundamentally new class of pharmaceutical drug therapies to 

promote local repair or regeneration of joint tissues.

Epigenetics (beyond genetics) is a field of study that examines molecular events altering 

chromosomes, gene expression and heritable phenotypes without affecting the DNA 

sequence. Epigenetic changes are a hallmark of aging and senescent cells (1) and underlie 

many diseases including cancer. The origins of epigenetic theory are credited to Conrad 

Waddington who postulated in 1942 that environmental stimuli (including nutrition, injury 

and inflammation) irreversibly alter cell fate and phenotypes (2). At the time, gene structures 

were not known and DNA was not yet proven to be the transmitter of heritable information. 

The use of the term epigenetics has been debated and evolved over the last 75 years as more 

was learned about nucleic acids (DNA, RNA), chromatin, and genomes. Traditionally, the 

term referred to chemical modifications of DNA (i.e., CpG methylation) or post-translational 

modifications (PTMs) of histone proteins that package DNA into chromatin (3–5). Yet, in a 

broader sense, post-transcriptional processes by which mRNAs levels and protein synthesis 

are controlled during musculoskeletal development and homeostasis also involve non-

chromatin related epigenetic mechanisms, including the modulation of mRNA translation 

and degradation by microRNAs (miRNAs), as well as long non-coding RNAs (lncRNAs) 

and other non-coding RNA species (6, 7). MiRNA-based mechanisms are considered for 

RNA therapeutics, but delivery methods for small nucleic acids and off-target effects remain 

logistic hurdles for clinical implementation (8). This review focuses on epigenetic 

mechanisms that control musculoskeletal-related gene expression through effects on 

chromatin structure, because our current appreciation of chromatin-related epigenetic 

mechanisms permits realistic adaptation of epigenetic drugs for short-term local applications 

in orthopedic regenerative medicine (9).

The development, maintenance, repair and functional performance of musculoskeletal 

tissues require intricate intracellular chemical reactions involving enzymes, transcription 

factors, microRNAs and epigenetic regulators (3, 4, 10). Classical cell signaling pathways 

are initiated by the interactions of protein ligands (i.e., growth factors or morphogens) with 

their cognate receptors at the cell surface. This signal is ultimately transduced via enzymes 

(i.e., kinases, which are proteins that phosphorylate tyrosine, serine or threonine residues) to 

transcription factors in the nucleus (Fig 1). In some cases, transcription factors bind to 
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regions of open chromatin and recruit epigenomic factors and other proteins to control gene 

expression and chromatin, a protein/DNA structure that condenses the virtually infinite 

linear dimension of DNA within the limited three-dimensional space of the nucleus. In other 

cases, pioneering transcription factors act as selective scaffolding proteins to recruit 

additional proteins (i.e., epigenetic regulators) required for the remodeling of chromatin. 

This transcriptional process by which tissue-specific genes are selectively activated or 

silenced by chromatin remodeling is established during development and may need to be re-

established during regeneration through epigenetic mechanisms. Activation of gene 

expression during skeletal development or reprogramming requires remodeling of chromatin 

from highly condensed heterochromatin to less dense euchromatin (Fig 2). The term 

chromatin was originally used in the context of dyes that bind the essential substance 

(chromatin) of chromosomes (11). Genetically active good (‘eu’) chromatin stains poorly, 

while genetically inactive other (‘hetero’) chromatin stains strongly in light microscopy (11). 

These terms also correlate with dispersed (light) or dense (dark) chromatin in transmission 

electron microscopy. Euchromatin and heterochromatin are equivalent to the current 

architectural concepts ‘open’ versus ‘closed’ chromatin, respectively. The conversion of 

open to closed chromatin, and vice versa, can be achieved by changing DNA methylation, 

histone PTMs or both (3, 4). Genes that are open and accessible to RNA polymerase II 

(RNAP II) can be transcribed into mature translatable mRNAs (Fig 1). In the next section 

the enzymes that chemically modify other proteins post-translationally to open or close 

chromatin and consequently activate or suppress gene expression in all cells are reviewed. 

We also discuss particular chromatin modifying enzymes and epigenomic mechanisms that 

are known to have a role in skeletal development and disease.

The Basics of Epigenetics

DNA in each human diploid cell, which encodes the instructions for development and 

function of every tissue type, is 3 billion base pairs or 2 meters long. This genomic 

information is efficiently organized into the narrow confines of the nucleus (~6 to 10 

microns in diameter) by histone protein complexes. Histones compact DNA into higher 

order structures (e.g., chromatin, Fig 3) that permit read-out of only those genes needed for 

the function of a specialized cell type or tissue at a particular time. For example, resting 

chondrocytes will express cartilage-related extracellular matrix proteins, while genes 

specific for bone, fat or muscle cell types are silenced.

The chromatin landscape refers not only to the DNA and histone proteins, but also to 

chemical modifications of both DNA and histones. These chemical changes are the signals 

for transcription initiation, elongation and termination, but they also have additional roles in 

processes such as DNA repair and replication. Histones are arranged within the nucleosome 

such that their N-terminal ‘tails’ extend away from the nucleosome (Fig 4) so epigenetic 

regulatory enzymes can generate dozens of post-translational modifications (PTMs) on 

select amino acids, including lysines (K), arginines (R) and serines (S) (12). Serines can be 

phosphorylated by kinases and dephosphorylated by phosphatases. For example, 

phosphorylation of serine at position 10 in histone 3 (H3S10) usually precedes gene 

transcription and is a mark of active transcription during interphase, though it appears more 

broadly during mitosis. Lysines can be modified in more ways, including by acetylation 
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(Ac), crotonylation, methylation (Me), sumoylation, and mono-ubiquitination (Ub). Of 

these, the functional significance of lysine acetylation and methylation are currently best 

understood. Histone acetylation is generally associated with gene activation, but histone 

methylation can be either an active or repressive mark depending on the exact position of the 

lysine within the histone protein. For example, H3K9 and H3K27 can be acetylated to form 

active marks H3K9ac or H3K27ac, or they can be methylated one to three times (me1, me2, 

me3) to form ultimately the repressive marks H3K9me3 and H3K27me3. Similarly, the 

H4K20me2/3 mark, which is still less understood, is typically associated with transcriptional 

repression. However, the H3K4me2/3 and H3K79me3 marks indicate a transcriptionally 

active or poised locus.

Chemical modification of DNA by methylation, which typically silences a gene, occurs by 

covalent addition of methyl groups to the 5-carbon of the cytosine ring (5-mC), although 

methylation at N6 of adenine can also occur in mammals (13). Cytosines are selectively 

methylated in somatic cells, depending on the cell type and the environment (14). Typically, 

5-mC occurs adjacent to a guanine to form a symmetrical dinucleotide (CpG, p representing 

the phosphate between the C and G) (Fig 5). Clusters of CpGs present near promoters of 

genes represent CpG islands and methylation of the majority (but not necessarily all) of 

CpGs in such islands typically silences gene expression.

Control of skeletal development and repair by CpG methylation

CpG methylation is mediated by three distinct DNA methyl-transferases (DNMT1, 

DNMT3A and DNMT3B) that each covalently methylate the 5 position of cytosine (5mC) 

(4, 15). These enzymes support the formation of heterochromatin by DNA methyl binding 

proteins that recruit erasers of activating histone marks to silence genes. DNMTs actively 

maintain methylation status during DNA replication, essentially by copying methylation 

marks on the newly replicated strand from the parent strand. Otherwise, 5mC marks are 

passively lost if DNA replication proceeds without C methylation. DNMT1 maintains the 

DNA methylation marks during cell division, while DNMT3A and DNMT3B catalyze de 

novo DNA methylation during development. Methylated DNA is recognized by methyl-

binding proteins (MBDs), which recruit large proteins complexes that include histone 

deacetylases and methyltransferases to suppress gene expression.

DNMT3A and DNMT3B exert similar functions in stem cells and embryos but are 

expressed in distinct cell types in later development. Mice lacking DNMT3A are normal at 

birth, but mice deficient in DNMT3B die during embryogenesis at times (E14.5–16.5) when 

skeletal elements are developing (16). Xu and colleagues demonstrated that DNMT3B 

expression in COL2-expressing chondrocytes is essential for proper lengthening and 

mineralization of both axial and appendicular bones (17). Chondrocyte proliferation and 

survival were not affected by DNMT3B deletion, but chondrocyte hypertrophy, matrix 

mineralization, and BMP2/SMAD1 signaling were suppressed. Thus, DNMT3B is required 

for chondrocyte maturation and endochondral bone formation though direct activities in 

chondrocytes.
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Many developmental programs are reactivated in response to injury. Wang and colleagues 

showed that DMNT3B is expressed in early stages of fracture repair and declines at later 

stages of repair (18). DMNT3B expression in chondrocytes is necessary for proper callus 

formation and coupling to angiogenesis and ossification of the stabilized fracture due to 

hypomethylation and suppression of CXCL12 and osteopontin. DNMT3B, but not 

DNMT3A, is expressed in healthy articular cartilage but expression decreases with age and 

following injury (19). This decline corresponds with altered DNA methylation signatures in 

osteoarthritis patients. Postnatal deletion of Dnmt3b in articular chondrocytes altered the 

epigenomic stability of chondrocytes and accelerated the appearance of osteoarthritic 

pathologies while modifying metabolic processes in chondrocytes (19). These results 

demonstrate that DNA methylation is important for preserving articular chondrocyte 

function and cartilage maintenance.

Methyl marks can be removed from cytosines by passive or active mechanisms. Passive 

demethylation occurs when newly synthesized DNA strands are not methylated during cell 

division. Active demethylation is a multistep process that is mediated by ten-eleven 

translocation proteins (TET1, TET2 and TET3) that successively convert 5-mC to 5-

hydroxymethylcytosine (5-hmC), 5-formylcytosine (5-fC) and 5-carboxylcytosine (5-caC) 

by hydroxylation (15) (Fig. 5). Beyond intermediary reaction products during 

demethylation, the four known C modifications (i.e., 5-mC, 5-hmC, 5-fC, 5-caC) may 

represent a ‘methyl cytosine code’ where each modification represents distinct epigenetic 

marks (15). The TET proteins have distinct biological roles in musculoskeletal development. 

Recent studies have shown that therapeutic modulation of TET activity (e.g., using natural 

micronutrients like sulforaphane) represents a viable strategy for bone regeneration to 

mitigate bone loss (20, 21). Other studies have shown that TET enzymes are important for 

cartilage development and homeostasis, and that alterations in the activity of distinct TET 

isoforms can predispose to osteoarthritis (22–24). Our understanding of how the enzymatic 

activities and gene targets of distinct TET enzymes support skeletogenesis has therapeutic 

implications for clinical joint disorders, because drugs that modulate the activities of these 

enzymes may have utility in pharmacotherapy.

The phenotypes of mice with null mutations in TET1, TET2 and/or TET3 revealed that any 

of these proteins can functionally compensate for the loss of another during skeletogenesis 

(25–27); however, at least one TET protein is required for formation of live animals with a 

normal skeletal body plan. While single knock-outs do not result in overt skeletal defects, 

TET1 and TET2 double-knockout mice have developmental defects during mid-gestation 

(26). Interestingly, a small fraction of TET1/TET2 double knock-out mice can survive 

spuriously and reproduce, even though 5hmC and 5mC status is altered at imprinted loci 

(26), indicating that TET3 alone can support skeletal development. Triple-knockout of 

TET1, TET2 and TET3 depletes 5hmC in embryonic stem cells and prevents embryonic 

development (27), demonstrating that at least one TET protein is required for normal fetal 

development. Roles for TET proteins in bone formation are anticipated based on the 

importance of 5-hmC during osteoblast differentiation (20, 21) and knock-down studies 

revealing that the three TET proteins have distinct functional roles. TET1 and TET2 are 

required, while TET3 may attenuate osteoblast differentiation at specific stages of 

differentiation.
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Studies by the Bhutani laboratory examined the relationship between 5-hmC and TET1 

during both normal cartilage development (24) and post-natal cartilage degeneration 

observed in osteoarthritis (22, 23). TET1 is necessary for in vitro differentiation and its 

levels functionally correlate with 5-hmC levels in the regulatory regions of cartilage-related 

genes during chondrogenesis (24). Levels of 5hmC also increase in patients with end-stage 

osteoarthritis (21). Subsequent genome-wide sequencing of 5-hmC-enriched DNA revealed 

a very large number (>70,000) of regions with differences in hydroxymethylation in OA 

chondrocytes (e.g., MMP3, LRP5, GDF5, and COL11A1) and that presence of 5hmC 

correlates with activated, but not repressed, genes as expected (22). The relative importance 

of TET1, 2 and 3 in contributing to these 5hmC changes in OA remains to be determined.

Taken together, the studies discussed here clearly indicate that TET proteins are necessary 

for active regulation of the DNA methylome, have important functional roles during skeletal 

development, as well as each have both redundant and unique biological activities.

Control of skeletal development and repair by Histone Writers, Erasers and 

Readers

Understanding the mechanisms of how cells place (write), remove (erase) and interpret 

(read) the PTMs that are placed histones and DNA in response to environmental stimuli is 

important for the development and application of epigenetic therapies. Histone post-

translational modifications are produced and erased by enzymes that exist in large, multi-

protein complexes and are recruited to DNA sequences and genomic regions by transcription 

factors (Fig 1 and Fig 4). Thus, cell- or tissue-specific gene expression is dictated by the 

combinations of the transcription factors that bind to a gene regulatory regions and their 

ability to form a platform for activator and repressor complexes. Acetyl groups are 

transferred from acetyl co-A to free amino-groups of lysine residues in histones as well as 

non-histone proteins (including transcription factors) by histone/lysine acetyltransferases 

(HAT/KAT). There are approximately 22 HATs/KATs in humans and they are classified by 

function and cellular location (28). In human cells, histone de-acetylation is catalyzed by 18 

histone lysine deacetylases (HDAC/KDAC). The acetylated lysine is a docking site for 

proteins containing bromodomains or YEATS domains. Bromodomain-containing proteins 

(BRD1 to BRD9) recruit RNA polymerase II complexes, which are required for 

transcription of most eukaryotic genes. As discussed below, many HATs, HDACs and BRDs 

contribute to bone formation and osteoarthritis.

Histone Acetylation in Bone and Cartilage:

It is well established that KAT/HATs, particularly p300 and CBP, are active in chondrocytes 

and regulate the expression of genes that control OA pathogenesis by acetylating histones or 

other factors (29–32). However, overall HAT activity is not drastically different in OA 

synovial tissues as compared to normal tissue (33). In contrast, HDAC activity is reduced in 

diseased tissues as compared to normal tissues, indicating an important function role of 

HDACs in OA pathogenesis. As reviewed previously (34, 35), inhibition of individual 

HDACs (e.g, HDAC1, HDAC3, HDAC7) by loss-of-function mutations causes delays in 

skeletal development and loss of bone mass. Specifically, HDAC/SIRT suppression causes 
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abnormalities in physiological development such as craniofacial dysmorphisms, short 

stature, and bone frailty that are associated with several human diseases or conditions (34, 

35). In contrast, activation of SIRTs may protect the skeleton from aging and 

immobilization-related bone loss. Of interest is the growing amount of evidence indicating 

that HDAC-induced alterations in gene expression may contribute to OA pathogenesis (36). 

Even though genetic (permanent) or chemical inhibition (reversible) of HDACs during early 

skeletogenesis has detrimental effects on the endochondral skeleton, HDAC inhibitors may 

protect permanent and adult articular cartilage from aging related OA by decreasing 

production of catabolic cartilage matrix genes in the diseased joint. Activation of other 

HDACs, particularly SIRT1, with roles in homeostasis could also have chondroprotective 

benefits in OA (36). While overall HDAC activity is reduced in synovial tissues of OA 

patients (33), tissues may respond to the disease by reducing HDAC activity to support 

cartilage tissue repair.

Acetylated lysines in histones H3 and H4 are recognized by “Bromodomain (BRD) and 

Extra-Terminal Domain” (BET) proteins. BRD proteins associate directly with CDK9, 

which phosphorylates RNAP II to promote transcription (Fig 1). Among these proteins, 

BRD4 appears to regulate bone homeostasis by direct effects on differentiation of both 

osteoclasts and osteoblasts (37). However, treatment of estrogen-deficient mice with a BRD4 

inhibitor (JQ1) show a net positive effect on bone accrual, suggesting that BET proteins like 

BRD4 may represent are novel drug targets for bone degenerative disorders (e.g., 

osteoporosis). Mechanistically, BRD4 supports bone formation by interacting with 

osteoblast-lineage specific promoters and enhancers to control bone-related gene expression 

(38). Recent studies indicate that BRD4 also has a role in cartilage homeostasis and 

degeneration (39). BRD4 levels positively correlate with disease-state in articular cartilage 

of patients with osteoarthritis and activation of the inflammation related NF-κB signaling 

pathway. The BRD4 antagonist JQ1 reduces inflammatory and catabolic pathways in 

chondrocytes, and attenuates cartilage destruction in mice with destabilized joints (i.e., due 

to anterior cruciate ligament transection). Similar results were with the CDK9 inhibitor 

flavopiridol (40). Hence, local administration of inhibitors that target the BRD4/CDK9 

complex in the joint may provide a pharmacological avenue to slow expression of early 

response and inflammatory genes in chondrocytes and mitigate progression of osteoarthritis.

Histone Methylation by DOT1L and EZH2 in Bone and Cartilage:

Like acetylation, the methylation of lysines and arginines serves as a mark that recruits 

specific regulatory proteins to either promote or inhibit transcription. Up to three methyl 

groups can be added to amino groups of lysine or arginine residues in H3 and H4 histones 

by lysine methyltransferases (KMTs) (28) or protein arginine methyltransferases (PRMTs). 

There are at least 28 KMTs, several of which have been studied in cartilage, including 

DOT1L (KMT4), EZH2 (KMT6), and SET2 (KMT3A), and nine PRMTs. Lysine methyl 

marks are removed from histones by at least 18 lysine demethylases (KDMs) that include 

JMJD (KDM2A-4D, KDM6B), JARID (KDM5A-D), UTX (KDM6A) and UTY (KDM6C) 

proteins (28), but only one arginine demethylase has been discover thus far (JMJD6) and it 

has dual lysine/arginine demethylase activity.
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DOT1L (Disruptor of telomeric silencing 1-like) is a histone methyl transferase that adds 

methyl groups to histone 3 at lysine 79 (H3K79) and is essential for cartilage health and 

development. DOT1L was identified in a genome-wide association study (GWAS) as a gene 

that may contribute to height (41) and hip OA (42–44). DOT1L is expressed in growth plate 

cartilage, with particularly high levels found in prehypertrophic and hypertrophic 

chondrocytes. Cartilage specific deletion of DOT1L in mice disrupted the proliferative and 

prehypertrophic areas of the growth plate and retarded growth (45). DOT1L was also 

detected in articular cartilage from normal and OA tissues. However, H3K79 methylation 

was reduced in damaged areas of OA joints (42, 45). These results suggest that DOT1L 

activity is important for maintaining cartilage health. Reducing DOT1L expression in 

chondrogenic cell lines suppressed COL2a, COL10a1 and aggrecan gene expression, but 

increased osteogenic genes COL1a1 and osteocalcin (42). A DOT1L inhibitor, EPZ-5676, 

produced similar changes in gene expression and triggered OA in vivo (45). DOT1L 

negatively regulates TCF-1, a transcription factor that mediates canonical Wnt signaling, and 

suppression of DOTL1L in chondrocytes may increase canonical Wnt (42). Accordingly 

DOT1L suppression reduced H3K79 methylation while increasing H3K9 acetylation and 

H3K4 trimethylation (45). DOT1L interacts with and suppresses a class III HDAC, SIRT1, 

to increase binding of SIRT1-controlled co-activators to Wnt target genes. Thus, DOT1L is 

essential for maintaining chondrocyte maturation and cartilage health. DOT1L inhibitors are 

currently in trials for certain leukemias, but it appears that care should include monitoring of 

bone growth and joint health in patients receiving drugs that inhibit DOT1L activity.

The Polycomb repressive complex 2 (PRC2) with its catalytic subunit ‘enhancer of zeste 

homolog 2’ (EZH2) mediates H3K27 trimethylation (H3K27me3), regulates chromatin 

compaction, and represses gene expression during early stages of embryogenesis (46–48). 

Complete knockout of EZH2 in mice produced non-viable embryos with abnormal 

accumulation of mesodermal cells (48). EZH2 also has key roles in skeletal development as 

conditional loss of EZH2, affects skeletal patterning (49, 50), as well as skeletal growth (51–

53) and bone formation (54–56). For example, conditional loss of EZH2 in neural crest–

derived tissues (using the Wnt1-Cre driver) causes craniofacial defects (49). Loss of EZH2 

in mouse mesenchymal stem cells (using the Prrx1-Cre driver) results in a neo-natal 

phenotype of shorter limbs and vertebrae due to premature maturation of the physis, as well 

as accelerated closure of cranial sutures reflecting effects on intra-membranous bone 

formation (51, 56). The phenotype of these mice is reminiscent of hypomorphic mutations in 

EZH2 that cause Weaver syndrome (57). These mice also have distinct skeletal phenotypes 

during post-natal endochondral bone formation (51, 56). Loss of EZH2 in osteoblasts (using 

the SP7/Osx1-Cre driver) causes a transient low bone mass phenotype that recedes by the 

time mice reach skeletal maturity (54). Studies on the EZH2 null mutation in chondrocytes 

(using the Col2a1-Cre driver) revealed that EZH2 deficiency reduces H3K27me3 levels, yet 

remarkably had minimal impact on skeletal development or maturation of articular cartilage 

(58). Nevertheless, EZH2 target gene analysis in either osteoblasts or chondrocytes revealed 

that EZH2 enhances expression of osteogenic markers in chondrocytes, including BMP2 and 

BMP2 responsive transcription factors SP7 and extracellular matrix proteins (e.g., IBSP and 

BGLAP)(58), as well as a large number other targets that have been identified in MSCs(59). 

However, EZH1 partially compensates for loss of EZH2 during skeletal development. Dual 
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inactivation of EZH1 and EZH2 in chondrocytes delays skeletal growth (52). The most 

dramatic skeletal phenotypic changes were observed in mice with a conditional null 

mutation in EED, a scaffolding protein that is required for PRC2 complexes that contain 

either EZH1 or EZH2 as active enzymatic subunits the sites (53). Loss of EED caused 

kyphosis, reduced body size and increased chondrocytic hypertrophy (53). From a 

biochemical perspective, EZH1 and EZH2 are interchangeable catalytic subunits of the 

PRC2 complex. Yet, EZH1 is more potent than EZH2 in compacting chromatin independent 

of histone methylation, even though EZH1 regulates only a subset of EZH2 target genes 

(46). EZH1 appears to be expressed at different times of skeletal development. EZH2 is most 

abundant in proliferating uncommitted mesenchymal stem cells, while EZH1 is expressed 

most prominently in post-proliferative lineage-committed cells (52–54). Hence, EZH1 and 

EZH2 are expressed in different spatio-temporal patterns and may have distinct mechanistic 

activities during mesenchymal differentiation and skeletal development.

Possible uses and limitations of epigenetic drug therapies for 

musculoskeletal disorders.

From a therapeutic perspective, EZH2 inhibition using pharmacological drugs (e.g., 

GSK126, UNC1999, EPZ005687) has been considered for delaying progression of 

osteoarthritis (58, 60, 61), or to promote bone anabolic effects (55). EZH2 inhibition 

mitigates bone loss in a mouse model for estrogen deficiency (55), but also inhibits 

osteoclastogenesis (62). Thus, EZH2 inhibitors may have bone anabolic activity and anti-

bone resorptive activity. Furthermore, enhanced osteogenic differentiation of human MSCs 

using EZH2 inhibitors (51, 61, 63) or molecular pathways drugs that indirectly impinge on 

EZH2 (64, 65) may have practical implications for bone tissue engineering.

One limitation of possible epigenetic pharmacotherapies is that epigenetic regulators may 

act broadly in multiple cell types. Studies with epigenetic inhibitors in cancer patients have 

revealed a remarkable short-term tolerance for these drugs in patients, but instead there is 

concern for unpredictable long-term side effects of systemic use (66). Epigenetic inhibitors 

used for cancer treatment typically target proliferating cells, but skeletal cells are normally 

quiescent. Their biological effects can be sustained beyond the initial dosing, but are not 

necessarily irreversible. Hence, these drugs could specifically be considered for short term 

and/or localized pharmacological treatments, cell therapies, or combination therapies where 

epigenetic drugs may prime a more targeted biological mechanisms. For example, anti-

steroidal therapies appear to be more effective in the presence of an epigenetic drug (66) and 

delivery of epigenetic drugs can be restricted to the microenvironment of the joint or fracture 

callus to promote tissue healing. These considerations are encouraging and warrant further 

investigation of the specific role of epigenetic regulators and their inhibitors in skeletal 

development, degeneration and regeneration.

van Wijnen and Westendorf Page 9

J Orthop Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Epigenetics and Orthopedic Oncology

Histone mutations and orthopedic cancers:

Genetic mutations in genes (H3F3A and H3F3B) that encode variants of histone 3 (H3.3) 

are found at such high frequency in chondroblastomas and giant cell tumors of bone (GCT) 

that they are now molecular markers of these cancers (67). In the seminal 2013 report 

describing histone mutations in musculoskeletal tumors, point mutations in H3F3B that 

change the lysine at position 36 to methionine (K36M) were found in 95% of 

chondroblastomas and mutations in H3F3A that change glycine 34 to tryptophan (G34W) or 

leucine (G34L) were detected in 92% of GCTs (68). Introduction of the K36M mutation into 

mesenchymal cells was sufficient to generate an undifferentiated sarcoma in vivo in a 

subcutaneous injection model (69). Human chondrocytes engineered to express H3.3K36M 

formed more colonies in vivo, were resistant to apoptotic stimuli, failed to respond to Bmp2, 

and expressed more cancer-associated genes (70). Exogenous expression of a mutant H3.3 

K36M protein into cells caused a global reduction in di- and tri- histone methylation (71, 

72). The mutated H3.3K36M protein drastically altered the epigenome by sequestering and 

inhibiting the activity of H3K36 histone methyltransferases (e.g., MMSET, NSD2, SETD2) 

(69, 70, 73). The consequent reduction in global H3K36 methylation resulted a gain in 

H3K27 methylation and a redistribution of polycomb repressive complexes, leading to many 

changes in gene expression that blocked chondrocytes from terminal differentiation in vitro 

and promoted self-renewal (69).

Recurrent mutations in histone genes that alter H3 and nucleosome structure have now been 

found in several cancers besides chondroblastomas (i.e., H3.3 K27M in gliomas (71, 72) and 

H3.3 K34W in GCT (68)). There may also be a low frequency of histone mutations and 

“oncohistones” (74) in other tumors. For example, H3.3 mutations were detected in a small 

fraction of osteosarcomas (75) and K36M/I mutations in H3.1 were found in a pediatric 

undifferentiated mesenchymal sarcoma (69). All mutations are believed to cause analogous 

havoc on the chromatin landscape as K36M does in chondrogenic cells. However, there 

appears to be tissue specificity with the mutations that is not understood yet but may be 

related to histone writers, readers or erasers that are expressed at discrete stages of lineage 

differentiation.

DNA methylation and orthopedic cancers:

Alterations in DNA methylation patterns and hypermethylation of CpG islands in genes 

encoding tumor suppressors are common alterations in cancer genomes. However, global 

hypomethylation of other DNA regions likely also contributes to tumor progression by 

destabilizing the genome and promoting oncogene expression. This paradigm was recently 

demonstrated elegantly in Ewing sarcomas carrying the chromosomal translocation that 

produces the onco-protein EWS-FLI (76). Enhancers driving expression of the EWS-FLI1 

fusion protein were consistently hypomethylated but a characteristic pattern of CpG island 

hypermethylation also emerged. Significant variability in global DNA methylation patterns 

was observed between and within Ewing tumors consistent with a spectrum of disease 

phenotypes.
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Chondrosarcomas may also be driven by epigenomic changes. More that half of 

chondrosarcomas and the majority of benign enchondromas harbor gain-of-function 

mutations in isocitrate dehydrogenase (IDH)1/2 (77, 78). During the TCA cycle, IDH1/2 

convert alpha-ketoglutarate to D-2-hydroxyglutarate, an oncometabolite that inhibits TET 

enzymes and histone and DNA demethylases and thus indirectly alters the epigenome of 

chondrosarcomas (79). DNA and histone methylation changes are observed in 

chondrosarcomas but do not correlate on a broad scale with IDH1/2 mutations (80). These 

examples highlight the importance of studying epigenomic aspects of musculoskeletal 

cancers, even those that are characterized by recurrent genetic mutations, because they could 

predict responders and non-responders to therapies.

Summary and Future Directions

This review focused on epigenetic mechanisms and enzymes that control skeletal 

development, cancer, and aged or injury-related tissue degeneration to clarify how these 

proteins are part of a new frontier of druggable targets that can be considered for 

musculoskeletal regenerative therapies. Among the targets currently under consideration for 

strategies related to either osteoarthritis or osteoporosis are DNA methyl transferases (e.g., 

DNMT3A, DNMT3B) and DNA methyl hydroxylases (e.g., TET1, TET2, TET3), histone 

deacetylases (e.g., HDAC3, HDAC4, HDAC7) and histone acetyl readers (e.g., BRD4), as 

well as a number of histone methyl transferases (e.g., DOTL1, EZH1, EZH2). However, 

beyond this dozen of epigenetic regulators, there are more than 300 such proteins and hence 

the number of currently characterized epigenetic proteins in bone and cartilage tissues is 

only a fraction of the realm of potential targets. At present, there is a paucity of knowledge 

on epigenetic mechanisms in other tissues (e.g., tendon, ligament and synovium) relevant to 

orthopedics and musculoskeletal regenerative medicine. Furthermore, in-depth knowledge is 

lacking for how epigenetic mechanisms in mesenchymal cells can be leveraged for stem cell 

therapies or skeletal and connective tissue engineering approaches, especially at the single 

cell level. For example, when and how epigenetic interventions can be safely and effectively 

delivered in vitro or in vivo must be determined. It is anticipated that in the years ahead the 

number of epigenetic studies in musculoskeletal biology will rapidly expand with a 

concomitant increase in knowledge of epigenomes of tissues as well as in single cells within 

tissues.
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Figure 1: Transcriptional Regulation of Gene Expression.
Gene transcription by RNA polymerase II (RNAP II) is directed by combinatorial binding of 

transcription factors (TF) to accessible DNA sequences. The TF recruit chromatin-

modifying enzymes, including co-activators (Co-A), co-repressors (Co-R) and histone 

modifying enzymes such as HAT/KAT, HDAC, KMT and KDM. Chemical modifications 

(e.g., Ac or Me) of histone tails and cytosines recruit reader proteins (e.g., BRD and MBD) 

that facilitate the opening and closing of the chromatin.
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Figure 2: Nuclear organization of chromatin.
Transcriptionally silent and compacted (‘closed’) heterochromatin is marked by H3K9me3 

and H3K27me3 modifications and typically resides in the nuclear periphery. In contrast, 

transcriptionally active and remodeled chromatin (‘open’) typically resides in the center of 

the nucleus.
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Figure 3: Epigenetics and chromatin organization.
Epigenetic mechanisms control the accessibility of genes embedded in chromatin by altering 

the spatial organization of nucleosomes into higher structures including bead-on-a-string 

structures, 30 nm chromatin fiber and higher order chromatin loops. The nucleosome is the 

basic unit of organization and consists of eight histone proteins (i.e., the histone octamer 

which contains two each of H2A, H2B, H3, and H4) to lock two full loops of DNA (~166 

bp) into place. Together with a short amount of linker DNA that extends towards the next 

nucleosome and another histone protein type (linker histone H1), each histone octamer 

organizes about 200 bp of DNA. Multiple nucleosomes together form a “beads on a string” 

structure that can be further folded into higher order structures in a very dynamic process 

that permits accessibility of DNA for transcription to proceed.

van Wijnen and Westendorf Page 19

J Orthop Res. Author manuscript; available in PMC 2020 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Post-translational modifications in histone proteins.
Post-translational modifications in nucleosomes are distributed over the N-terminal tails of 

the four core histone proteins H2A, H2B, H3 and H4. Each histone has multiple residues 

that can be covalently and reversibly modified by phosphorylation (P), acetylation (Ac), 

methylation (Me) or ubiquitination (Ub) using specific kinases, phosphatases, acetyl 

transferases (KAT/HATs), deacetylases (HDAC/SIRTs), histone methyl transferases (KMT/

PRMTs) or demethylases (KDM/PRDMs). There are more than 300 distinct epigenetic 

regulators that generate, recognize or remove histone post-translational modifications.
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Figure 5: Covalent modifications of DNA.
Reversible methylation of DNA through maternal and patterning imprinting, as well as re-

organization of methylation during embryogenesis and post-natal development, represents a 

canonical mechanism for epigenetic control. Active methylation (5-mC) is established by 

DNA methyl transferases (DNMTs) and so-called TET proteins that mediate DNA 

demethylation and generate several stable intermediates that generate a DNA methylome 

code (i.e., 5-mC, 5-hmC, 5-fC and 5-caC).
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