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Precise epigenetic modifications in stem cells control developmental programs and cell fate decisions. In particular, the
addition or removal of trimethylation of histone 3 lysine 27 (H3K27me3) at lineage-specific genes has been linked to the
repression of gene expression, and a precise balance of methyltransferases and demethylases within cells determines
H3K27me3 levels. The demethylase UTX is essential for development and tissue homeostasis; however, a role for UTX in
stem cell–mediated tissue regeneration is unknown. In this issue of the JCI, Dilworth and colleagues reveal that UTX and
its demethylase activity are required in the muscle stem cell lineage for muscle regeneration in response to injury.
Specifically, UTX mediates the removal of H3K27me3 in the promoter of the transcription factor myogenin, which
regulates myogenic differentiation. The results of this study provide important insight into the contribution of epigenetic
regulation in stem cell–mediated regeneration of adult tissues.
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H3K27me3 in development and 
tissue homeostasis
Modifications of histone proteins are among 
the most well studied epigenetic features of 
stem cells. One of these histone modifica-
tions, trimethylation of histone 3 lysine 27 
(H3K27me3), is a mark of transcriptionally 
silenced chromatin and has been extensively 
studied in the context of developmental pro-
grams (1). It is generally believed that, during 
development, H3K27me3 is introduced at lin-
eage-specific genes by the polycomb repres-
sor complex 2 (PRC2) and is interpreted by 
PRC1, which recruits transcriptional repres-
sors to the site of the H3K27me3 mark (2). The 
balance between methyltransferases (EZH1 
and EZH2) and jumonji domain–containing 
demethylases (JMJD3 and UTX) maintains 
H3K27me3 levels in cells (3).

UTX (also known as KDM6A) has pre-
viously been shown to play important roles 
in both development and normal tissue 
homeostasis (4, 5), and germline KO of the 

UTX-encoding gene is embryonic lethal (5). 
Further evaluation of UTX-null embryos 
revealed a decrease in somite counts, defects 
in neural tube closure, and heart malforma-
tion between E9.5 and E13.5. Interestingly, 
female embryos exhibit a more severe phe-
notype than male embryos, which hemizy-
gotically express the UTX paralog UTY 
— a paralog that does not possess H3K27 
demethylase activity. Conditional dele-
tion of Utx in adult animals compromises 
hematopoiesis due to defects in stem and 
progenitor cell migration (4). Many tissues, 
including muscle, rely on reserves of stem 
cells to facilitate repair and regeneration. 
However, the role of UTX in the context of 
tissue regeneration following injury in adult 
animals remains largely unexplored.

UTX in adult muscle 
regeneration
In this issue, Dilworth and colleagues 
provide important insight into the role 

of UTX in adult muscle regeneration (6). 
The authors generated a conditional KO 
mouse in which the expression of UTX 
can be specifically ablated in adult skeletal 
muscle stem cells (satellite cells) and used 
this mouse to study the effect of UTX defi-
ciency on muscle regeneration following 
acute muscle injury. Indeed, loss of UTX 
in satellite cells impaired muscle regener-
ation in both male and female mice. More-
over, muscle regeneration was impaired in 
knock-in mice expressing a mutant UTX 
protein without demethylase activity, sug-
gesting that the H3K27 demethylase activ-
ity in satellite cells is indispensable for 
adult muscle regeneration.

In order to explore the changes in 
cellular functions that are responsible for 
impaired muscle regeneration in Utx KO 
mice, Faralli et al. examined the activa-
tion and lineage progression of satellite 
cells (6). Satellite cells primarily reside in 
a quiescent state in adult animals due to 
the low turnover rate of mature muscle 
fibers. In response to injury or diseases 
that damage myofibers, satellite cells are 
activated and reenter the cell cycle. Prog-
eny of satellite cells then proliferate and 
differentiate to form new myofibers. This 
process is tightly regulated by the tem-
poral expression of key myogenic tran-
scription factors, including PAX7, MyoD, 
and myogenin (Figure 1). Satellite cells 
from animals with conditionally deleted 
Utx or from animals expressing the enzy-
matically dead UTX properly entered the 
cell cycle and proliferated in response to 
muscle injury (6). However, there was a 
marked reduction in the number of differ-
entiating satellite cell progeny, which are 
identified by expression of myogenin, a 
transcription factor that is critical for myo-
genic differentiation. The reduction in 
myogenin expression correlated with the 
accumulation of H3K27me3 at the myo-
genin promoter region. This observation 
is consistent with a previous report from 
the Dilworth group that demonstrated 
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a tumor suppressor and is often genetically 
inactivated in this disease (11, 12). In satel-
lite cells, JMJD3 is highly expressed in qui-
escent stem cells but downregulated when 
the cells are activated to enter the cell cycle 
(8). This decrease in JMJD3 expression and 
the concurrent increase in EZH2 expression 
lead to a rapid accumulation of H3K27me3 
in activated satellite cells. Given these find-
ings, it is possible that JMJD3 and UTX may 
regulate stem cell function under different 
contexts. It is intriguing to consider a model 
of epigenetic regulation of stem cell func-
tion in which JMJD3 is essential to maintain 
the plasticity and potency of quiescent stem 
cells, whereas UTX functions downstream 
to restrict cell fate decision.

Conclusions and future 
directions
From a signaling perspective, stem cell–
mediated adult tissue regeneration has 
been regarded in many ways as a reactiva-
tion of the developmental program of the 
same tissue (13, 14). In addition to delin-
eating an epigenetic switch that is specific 
to the lineage determination and differ-
entiation process of satellite cells as they 
mediate muscle regeneration, the study 
by Faralli et al. also provides evidence that 
regenerative myogenesis in adult animals 
has distinct levels of regulation at the epi-
genetic level compared with developmental 
myogenesis (6). The regulation of other epi-

cell compartment, as a subset of epider-
mal lineage–specific genes is regulated by 
H3K27me3 (10). It is interesting that these 
two enzymes, EZH2 and UTX, which have 
opposing enzymatic activity, function as 
different epigenetic switches for stem cell–
fate determination. Whereas EZH2 appears 
to be the switch for the activation and prolif-
eration of stem cells, UTX appears to be the 
switch for the differentiation of stem cell 
progeny. The expression of UTX remains 
constant throughout this process; therefore, 
it will be informative to determine whether 
the changes in H3K27me3 are due to 
changes in recruitment of UTX to its target 
sites across the genome or due to changes in 
its enzymatic activity.

The study by Faralli et al. also contributes 
to our understanding of the nonredundant 
roles of H3K27me3 demethylases in cellular 
functions (6). As discussed above, the global 
level of H3K27me3 is low in quiescent sat-
ellite cells, suggesting that H3K27 demeth-
ylase activity may be required to maintain 
this quiescent state. Therefore, it is surpris-
ing that the demethylase-dead UTX knock-
in mouse develops normally and exhibits 
no defects in the homeostasis of satellite 
cells. The two known H3K27me3 demethy-
lases, UTX and JMJD3, appear to have con-
trasting roles in certain disease conditions, 
such as T cell acute lymphoblastic leukemia 
(T-ALL). While JMJD3 is essential to initi-
ate and maintain T-ALL, UTX functions as 

UTX is required for the induction of myo-
genin in myogenic cell lines in differentia-
tion conditions in vitro (7).

Deciphering the balance between 
methyltransferases and demethylases is 
essential to understanding the regulation of 
H3K27me3 and its role in cellular function. 
Faralli et al. have shown that the absence 
of UTX leads to the accumulation of the 
repressive chromatin mark H3K27me3 at 
the promoter and/or enhancer regions of 
myogenin and a number of genes that are 
specifically expressed in terminally dif-
ferentiated myofibers (6). Moreover, the 
increase of H3K27me3 at these promoters 
coincides with the decrease in their expres-
sion levels. It will be interesting to iden-
tify additional UTX target sites across the 
entire genome and to determine whether 
H3K27me3 at these loci dynamically 
changes upon satellite cell activation, pro-
liferation, and differentiation. The pattern 
of H3K27me3 has been determined in qui-
escent satellite cells and their activated, 
proliferating progeny (8). The level of this 
repressive chromatin mark is low in qui-
escent satellite cells and rapidly increases 
when the cells are activated. This process is 
accompanied by an increase in the expres-
sion of EZH2. Consistent with this, loss of 
EZH2 expression impairs the activation 
of satellite cells and the expansion of their 
progeny (8, 9). EZH2 is also required for 
activation and proliferation in the skin stem 

Figure 1. Activation and differentiation of satellite cells require precise temporal expression of linage-specific transcription factors. Quiescent satellite 
cells (QSCs), marked by high levels of the transcription factor PAX7, begin to proliferate in response to muscle damage as the result of injury or disease. 
The myogenic regulatory factor MyoD drives differentiation of activated satellite cells (ASCs) toward the myogenic lineage. In these committed myo-
cytes, myogenin upregulation promotes differentiation and formation of new muscle fibers. In this issue, Faralli et al. reveal that the demethylase UTX is 
required for the differentiation of satellite cell progeny and mediates removal of the repressive H3K27me3 mark at the myogenin promoter (6).
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genetic marks during adult muscle regener-
ation remains largely unknown. Much work 
is also needed to understand the epigenetic 
regulation of the regeneration of other adult 
tissues with resident stem cells. These stud-
ies could be the foundation for developing 
epigenetic drugs to enhance tissue regener-
ation and to treat degenerative diseases.
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