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MUSCLE REPAIR

JMJD3 activated hyaluronan synthesis drives muscle
regeneration in an inflammatory environment
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Muscle stem cells (MuSCs) reside in a specialized niche that ensures their regenerative capacity.
Although we know that innate immune cells infiltrate the niche in response to injury, it remains unclear
how MuSCs adapt to this altered environment for initiating repair. Here, we demonstrate that
inflammatory cytokine signaling from the regenerative niche impairs the ability of quiescent MuSCs to
reenter the cell cycle. The histone H3 lysine 27 (H3K27) demethylase JMJD3, but not UTX, allowed
MuSCs to overcome inhibitory inflammation signaling by removing trimethylated H3K27 (H3K27me3)
marks at the Has2 locus to initiate production of hyaluronic acid, which in turn established an
extracellular matrix competent for integrating signals that direct MuSCs to exit quiescence. Thus,
JMJD3-driven hyaluronic acid synthesis plays a proregenerative role that allows MuSC adaptation to

inflammation and the initiation of muscle repair.

uscle stem cells (MuSCs) provide skel-

etal muscle with an efficient mode for
regeneration of damaged tissue ().

After injury, the regenerative process

is initiated by necrosis of damaged
myofibers and the release of myokines that
instruct recruitment of various tissue-resident
and infiltrating cell types that coordinate mus-
cle repair (2). Tight control of signal integra-
tion from the regenerative milieu promotes
the expansion of muscle progenitors to medi-
ate both myofiber repair and stem cell-niche
repopulation (3, 4). Recent work identified a
population of infiltrating macrophages that
establish a transient niche necessary for quies-
cent MuSCs to reenter the cell cycle (5). How-
ever, it remains unknown how MuSCs adapt
to this modified niche to initiate regeneration.
In response to injury, MuSCs undergo a
stress response that is accompanied by alter-
ation of the epigenetic landscape (6). Among
the different epigenetic changes induced by
injury in MuSCs, global levels of trimethylated
histone H3 lysine 27 (H3K27me3) are reduced
as stem cells transition from a quiescent to a
proliferative state (7). Removal of H3K27me3
marks is mediated by the KDM6 family of
H3K27 demethylases, which includes JMJD3
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and UTX proteins (8, 9). Although H3K27me3
marks are tightly linked to transcriptional
repression (10, 1I), the importance of active
H3K27me3 removal to tissue development and
repair has been called into question because
mouse embryos that lack both JMJD3 and UTX
survive to term (12). However, regeneration
after injury is linked to inflammation, which
differs from tissue development. Here, we exam-
ined the importance of H3K27 demethylation
by JMJD3 and UTX for MuSC adaptation to the
regenerative niche of injured muscle.

The Utx and Jmjd3 genes are ubiquitously
expressed, and we observed that both proteins
are present in quiescent MuSCs (fig. S1). To
determine how each H3K27 demethylase con-
tributes to regeneration, we generated tamoxifen-
inducible MuSC-specific knockouts of Utx
(UTX*%9) or Jmjd3 (JIMID3**°) in mice (fig.
S2). Upon acute cardiotoxin (CTX) injury of
the tibialis anterior (TA) muscle, both UTX*¥°
and JMJD3*%° mice showed impaired myo-
fiber regeneration, demonstrating that KDM6
proteins cannot compensate for each other in
MuSC-mediated regeneration (Fig. 1A and fig.
S3). To investigate the specific roles for UTX
and JMJD3, single-cell RNA sequencing (sScCRNA-
seq) was performed on purified MuSCs that
were isolated 40 hours after injury. Pseudo-
time trajectory analysis showed that JMJD35K°
MuSCs were enriched in clusters that expressed
an immediate-early MuSC activation gene
signature, whereas UTX"X© cells proceeded
to proliferate (Fig. 1, B and C; and fig. S4).
These findings suggested that JMJD3 might
be required for efficient transitioning of MuSCs
from a quiescent to a proliferating state. In-
deed, using the thymidine analog 5-ethynyl-2'-
deoxyuridine (EQU) to identify cells undergoing
DNA replication, we observed that MuSCs
that lacked JMJD3 were impaired in their
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progression into the cell cycle (Fig. 1D). Thus,
JMJD3, but not UTX, is required for efficient
activation of MuSCs. At the same time, we ob-
served that UTX, but not JMJD3, is required
for MuSCs to exit the cell cycle and undergo
terminal differentiation (fig. S5) (13). Thus,
JMJD3 and UTX play nonredundant roles in
MuSC-mediated regeneration.

To determine whether JMJD3 was acting
through its enzymatic activity, a mutant mouse
was generated that expresses an enzyme-dead
JMJD3 protein (JMJD3%PP) (fig. S6, A and B).
Similar to JMJD3°%C cells, MuSCs that ex-
pressed mutant JMJD3 were inefficient at exit-
ing quiescence (Fig. 1D) and, as a result, showed
impaired regeneration after injury (fig. S6, C
and D). This demonstrates that JMJD3 func-
tions through H3K27 demethylation to fa-
cilitate the exit of quiescence for MuSCs in
injured muscle.

Next, we used ex vivo experiments to ex-
plore the mechanism through which JMJD3
contributes to the activation process. Using
MuSCs purified from uninjured mice, we were
surprised to find that JMJD3°¥° MuSCs re-
entered the cell cycle to the same extent as
wild-type MuSCs (Fig. 2A and fig. S7). Thus, in
the absence of muscle injury, JMJD3 was not
necessary for cell cycle reentry. This indicated
that JMJD3-mediated removal of H3K27me3
may be required for MuSCs to integrate sig-
nals from the regenerative environment. To
test this, we performed TA muscle injury in
one leg of IMJD3%¥° mice and then waited
36 hours before measuring cell cycle reentry
of MuSCs isolated from the contralateral leg.
MuSCs lacking JMJD3 were impaired in their
ability to reenter the cell cycle when recovering
from a distal injury (Fig. 2A and fig. S8). Thus,
circulating factors that originate in the injured
muscle must be responsible for preventing
MuSCs that lack JMJD3 from reentering the
cell cycle. A soluble extract prepared from an
injured wild-type muscle (dMusEx) could also
inhibit cell cycle reentry of purified MuSCs
that lack JMJD3 (Fig. 2B and fig. S9), which
shows that the circulating factors that inhibit
MuSC activation are released from injured
muscles independent of JMJD3. Thus, JMJD3
facilitates MuSC activation in a non-cell auton-
omous manner by overcoming an inhibition
signal that originates in the regenerative niche.
Using an extract prepared from mice with dys-
trophic muscle (MdxMusEx), we also found that
JMJD3 is required for MuSC activation in con-
ditions of chronic degeneration (Fig. 2B), high-
lighting the importance of JMJD3 for mediating
activation of MuSCs in muscular dystrophy.

To identify JMJD3 target genes in MuSCs, we
used a combination of genomics and tran-
scriptomics (Fig. 3, figs. S10 and S11, table S1,
and supplementary text). We defined JMJD3
direct targets based on three properties: (i)
decreased expression in JMJD3%%° MusSCs,
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(ii) JMJD3 binding within 2500 base pairs
of the promoter, and (iii) accumulation of
H3K27me3 marks near the gene upon abla-
tion of JIMJD3. Of the 41 genes that met these
criteria (table S1), we focused on those coding
for extracellular matrix (ECM)-related pro-
teins because they may facilitate communica-
tion with the regenerative milieu. Has2 (Fig. 3)
was of particular interest because it encodes
a key enzyme involved in the synthesis of
hyaluronic acid (HA), a glycosaminoglycan
polymer that incorporates into the ECM to
alter rigidity (14) while acting as a rheostat for
various signaling pathways (15). By reanalyz-
ing published datasets (16, 17), we found that
Has2 is not expressed in quiescent MuSCs (fig.
S12, A and B) but is up-regulated in injured
muscle as MuSCs reenter the cell cycle. In
regenerating muscle 40 hours after injury,
HA enveloped the activated MuSCs of wild-
type or dystrophic mice while also contri-
buting to the ECM of the necrotic myofibers
(Fig. 4A and fig. S13, A to D). MuSCs that
lacked JMJD3 were devoid of cell-enveloping
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HA, even though HA was present in the ECM
of necrotic myofibers (Fig. 4A and fig. S13).
This dynamic incorporation of HA into the
ECM of MuSCs suggested that it may play an
important role in regeneration of healthy
muscle. To test this, we used the chemical
inhibitor 4-methylumbelliferone (4-MU) to
inhibit HA production (I8) in wild-type MuSCs.
Whereas purified wild-type MuSCs (from un-
injured mice) were able to efficiently exit
quiescence in the presence of 4-MU (Fig. 4B
and fig. S14)), the same MuSCs incubated with
an extract from damaged muscle showed im-
paired cell cycle reentry upon 4-MU treatment
(Fig. 4B and supplementary text). Thus, HA
synthesis is required for wild-type MuSCs
to repair muscle after injury. Addition of
exogenous HA to cultures was sufficient for
JMJID3*¥° MuSCs to overcome an inhibition
to cell cycle reentry (Fig. 4C and figs. S15 to
S17), further emphasizing the importance of
HA incorporation into the ECM of MuSCs to
initiate population expansion in response to
signals from the regenerative niche.
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0.0001, and **p < 0.01 [by analysis of variance
(ANOVA)]. Scale bars are 60 um. CSA, cross-
sectional area. (B) Clustering and trajectory analysis
of combined scRNA-seq data from lineage marked
MuSCs [isolated based on TdTomato expression
(TdT™)] from the WT, JMID35C, and UTX*K® mice
isolated 40 hours after injury. Numbers indicate
distinct MuSC clusters identified. The ovals highlight
the enrichment of cells in the immediate-early
activated MuSC state. (C) Distribution of MuSCs in
clusters representative of different stages of the
regenerative process. (D) Activation of MuSCs was
measured by using in vivo EdU incorporation to
measure the first passage of cells through the

S phase of the cell cycle between 24 and 40 hours
after injury. Fluorescence-activated cell sorting
(FACS) analysis identified MuSCs (TdT") that

were positive for EdU. Data are means + SD, and

N = 3; ***p < 0.001, **p < 0.01, and ns is not
significant (by Student’s t test). i.p., intraperitoneally.

Finally, we explored the nature of the niche-
derived signals that are responsible for im-
peding cell cycle reentry of MuSCs that lack
JMJD3. Gene set enrichment analysis (GSEA)
of RNA sequencing (RNA-seq) data identified
the interferon-y (IFN-y), interleukin-6 (IL-6),
and tumor necrosis factor-a (TNF-o) cellular
responses as being up-regulated in MuSCs
from JMJD3%K° mice (fig. S18). Using recom-
binant cytokines, addition of exogenous IFN-y
or IL-6 [but not TNF-o, transforming growth
factor-p (TGF-B), or IL-4] to the culture me-
dium was sufficient to impair cell cycle reentry
of JMJD35%° MuSCs (Fig. 4C, figs. S19 and
S20, and supplementary text). Macrophages
(Ly6C* cells) that are present within the re-
generative niche at 24 hours after injury ex-
press both IFN-y and IL-6 (fig. S21) and likely
contribute to the signaling that impairs activ-
ation of MuSCs. This proinflammatory signal-
ing is likely reinforced by neutrophils that are
known to secrete IFN-y and IL-6 in regenerat-
ing muscle (19). We propose that proinflam-
matory cytokines (including IFN-y and IL-6)
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Fig. 2. JMJD3 mediates MuSC activation in

a non—-cell autonomous manner. (A) Purified
MuSCs (TdT*) from injured (CTX injury to
contralateral leg 36 hours before MuSC isolation
from uninjured muscles) or uninjured mice

were assayed in vitro using EdU for cell cycle
reentry between 24 and 40 hours after injury.
FACS analysis identified MuSCs (TdT") that were
positive for EdU. Data are means + SD, and

N = 3; ***p < 0.001, **p < 0.01, and ns is not

significant (by Student's t test). dpi, days postinjury.

(B) Ex vivo activation assay where flexor digitorum
brevis (FDB) myofiber—associated MuSCs were
treated with soluble extracts prepared from
uninjured (ContMusEx), injured (dMusEx), or dys-
trophic (MdxMusEx) muscle. Immunofluorescence
analysis identified MuSCs (TdT") that were
positive for EdU. Data are means + SD, and

N = 3; ***p < 0.001, **p < 0.01, and ns is not

significant (by Student's t test). Scale bars are 50 um.

Fig. 3. Has2 is a direct transcriptional
target of JMJD3. UCSC (University of
California Santa Cruz) browser track
showing the Has2 locus in MuSCs at
30 hours after CTX injury. Plots include
RNA-seq data for WT, JMJD3%KO,

and UTX*K® mice; CUT&Tag analysis
shows enrichment of JMJD3, UTX,

and H3K27me3.

produced by immune cells from the re-
generative environment play a critical role
in preventing MuSCs from undergoing an
untimely exit of quiescence. To overcome the
cytokine-mediated block to stem cell function,

Nakka et al., Science 377, 666-669 (2022)

o

A
100
Cardiotoxin
'“JUIfY/NO Contralateral 8
A Injury
S Collecl@ @
35h 4
:T***'f* R Ly *.- Edfﬁ/cT?:lT' =
amoxifen Recovel —> =
& o, . 5
L
B
0
B
FDB Fiber
preparation
Ly Gont s ¥ C"ck A Coum
emedter Re°°“‘"y =7 cmle:; """ E‘L“JSI;’J
‘TdT H EdU ‘ ‘ Merge
[
S
<
]k
S|&
% 2 - . -
=
=
)
% - -
< -
‘e
-]
% EdU* MUSCs
WT
JMJD3seKo _—]
UTXscKO
~—
Has2 _I.I—I—l
14
o wWT “ I J
o) 0 .
@ 1
< JMJD3seko
E (1) ull | l A
UTXscKO n I l
' |
H3K27me3
W) 12 Ay iail
H3K27me3 ™|
(JMJD359) Al
2| Hak27mes'®
; (UTX=49) o " )
g 45
ol leG Comrol0
45
JMJD3 “‘
0 A
45
UTX
0

No Injury
100

100

.

I WT Bl JMJD3sKC mm UTXseko !JMJDSSCDD

TdT EdU Merge

Cont MusEx
JMJD3seK0

>
w
(]
=}
=
3¢
=3
[s2]
[m)
)
=
]
0 % EdU*MuSCs 100
=4 WT T
o2 ]w
2| ymyp3sero
x WT
X W *
© *
= 3| umupsz==ro ]
50 kb

—_—
Has2os H——]

L i i L i L

MuSCs initiate Has2 expression in a JMJD3-
dependent manner, where incorporation of
HA into the remodeled ECM renders the stem
cells competent to receive proregenerative
signals. Thus, HA has both anti-inflammatory
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effects on injured tissues (20) and proregener-
ative activity that stimulates MuSC-mediated
regeneration.

Our study has revealed a role for the epi-
genetic enzyme JMJD3 in directing MuSC
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Fig. 4. HA incorporation into the ECM

of MuSCs allows exit of quiescence.

(A) Immunofluorescence analysis of TA

muscle cross sections at 72 hours after CTX
injury from WT and JMJD3%© mice. MuSCs
(TdT*), HA [hyaluronic acid binding protein
(HABP)], and nuclear DNA [4',6-diamidino-2-
phenylindole (DAPI)] are shown. Scale bars are
75 um. (B) Activation of MuSCs from WT

mice was measured in the presence of 4-MU

by in vitro EdU incorporation. An extract from
damaged WT mouse muscle (dMusEx) was
added as indicated. FACS analysis identified
MuSCs (TdT") that were positive for EdU.

Open circles indicate that the variable was not
included in the experimental samples of this
condition; filled circles indicate that the variable
was included in the experimental samples of
this condition. Data are means + SD, and N = 3;
**p < 0.01, *p < 0.05, and ns is not significant
(by Student's t test). (C) Ex vivo activation assay
of myofiber-associated MuSCs. FDB myofibers
isolated from uninjured mice were incubated with
either a damaged muscle extract (dMusEx) or
recombinant IFN-y protein. HA was added to
cultures where indicated. Immunofluorescence
analysis identified MuSCs (TdT") that were
positive for EAU. Open circles indicate that the

WT MuSCs
|muscs (ra) | [HA (HABP) | [MusCHAIDNA ||musc/HADNA a0 o
7 ns
) L
3 |
n
=)
s
5
K]
w
I
04
dMusEx

preparation

Tvwwe (17—

¥ Tamoxifen Recovery !
N 4
2w) ~

MCOR

Click-iT
EdU*/TAT* | e v

MuSCs

Collect @
35h

Culture with
+ dMusEx 504

0 o

I HA@12h WT
2.5 pg/ml

JMJD3seKO

4-MU

ok 3 1

100 4 L T 1

dMusEx
IFNy

HA

variable was not included in the experimental samples of this condition; filled circles indicate that the variable was included in the experimental samples
of this condition. Data are means + SD, and N = 3; ***p < 0.001, **p < 0.01, and ns is not significant (by Student's t test).

adaption to the regenerative niche by facilitat-
ing expression of JMJD3 target gene Has2.
The resulting production of HA allows MuSCs
to integrate proregenerative signaling from
the local environment to facilitate the repair
of injured muscle.
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JMJD3 activated hyaluronan synthesis drives muscle regeneration in an
inflammatory environment
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JMJD3 primes stem cells for inflammation

After muscle injury, muscle stem cells must coordinate with immune cells in the inflamed tissue to ensure efficient
repair. Nakka et al. identified an essential role for the epigenetic enzyme KDM6B/JMJD3 in establishing the
communication between muscle stem cells and infiltrating immune cells during muscle repair (see the Perspective

by Gabellini). They found that, in response to injury, removal of the transcriptionally repressive histone H3K27me
modification by KDM6B/IMJD3 allows muscle stem cells to produce hyaluronic acid that is then incorporated into the
extracellular matrix. This remodeling of the extracellular matrix allows the muscle stem cell to receive signals from the
infiltrating immune cells that initiate regeneration. —SMH and BAP

View the article online

https://www.science.org/doi/10.1126/science.abm9735
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN ) is published by the American Assaociation for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

2202 ‘S0 1nbny uo B10°a0us 105 MMM//:SANY WOoJ ) papeojumod


https://www.science.org/about/terms-service

