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integration of MAP kinase-dependent signaling during regenerative myogenesis has q .

yet to be fully investigated. MKP-1 and MKP-5 maintain skeletal muscle homeo- UL DR DS S e He AU
stasis by providing positive and negative effects on regenerative myogenesis, re-

spectively. In order to define the hierarchical contributions of MKP-1 and MKP-5 L. ) ) )
in the regulation of regenerative myogenesis we genetically ablated both MKPs in ~ Citation: Shi, H., et al. Mice lacking
mice. MKP-1/MKP5-deficient double-knockout (MKP1/5- DKO) mice were via- MKP-1 and MKP-5 Reveal Hierarchical
ble, and upon skeletal muscle injury, were severely impaired in their capacity to ~ Regulation of Regenerative. Myogenesis.
regenerate skeletal muscle. Satellite cells were fewer in number in MKP1/5-DKO  (2015) J Stem Cell Regen Bio 1(1): 9- 15.
mice and displayed a reduced proliferative capacity as compared with those de-

rived from wild-type mice. MKP1/5-DKO mice exhibited increased inflammation . 10.15436/2471-0598.15.005

and the macrophage M1 to M2 transition during the resolution of inflammation was

impaired following injury. These results demonstrate that the actions of MKP-1 to

positively regulate myogenesis predominate over those of MKP-5, which negative-

ly regulates myogenesis. Hence, MKP-1 and MKP-5 function to maintain skeletal

muscle homeostasis through non-overlapping and opposing signaling pathways.
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Introduction

Skeletal muscle undergoes regeneration after damage caused by physical trauma, chemical injury and diseases such as the
muscular dystrophies!'!. This regenerative process mimics embryonic development of skeletal muscle in terms of the activation of
transcriptional myogenic genes that are engaged!'l. However, adult regenerative myogenesis is distinct from embryonic myogenesis
in that the environmental cues that define the process of recovery of musculature differ from those in embryogenesis. In particular,
inflammation is initiated upon muscle injury, a process that is required for the appropriate resolution of muscle repair?l. Prolonged
or dysregulated inflammation may impair regenerative myogenesis. For example, it has been reported that defects in macrophage
transition from the M1 pro-inflammatory to the M2 anti-inflammatory status result in dysfunctional muscle recovery and repair>3..

Among the many signaling networks that are involved in the progression of regenerative myogenesis, the mitogen-acti-
vated protein (MAP) kinases (MAPKs) have been shown to play a critical role. In particular p38 MAPK, has been established to
be a potent promyogenic MAPKM #. Although other MAPKs have been implicated in the regulation of regenerative myogenesis,
such as the extracellular signal-regulated kinases 1 and 2 (ERK1/2) and the c-Jun NH2-terminal kinases (JNKs), whether these
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MAPKSs play either an exclusively positive or negative role in
regenerative myogenesis has remained unclear. In some cases,
ERK1/2 has been reported to positively and negatively regulate
regenerative myogenesis’'!l. Similarly, JNK has been report-
ed to exhibit both positive and negative effects on regenerative
myogenesis!'*'4. Thus, the actions of the MAPKs are complex
and their integral regulation in the regenerative myogenic path-
way remains poorly understood.

The MAPKs are negatively regulated by the MAPK
phosphatases (MKPs)'*l. The MKPs function to specifically
dephosphorylate and hence, inactivate the MAPKs!'*l. Although
the MKPs negatively regulate the MAPKs, because the MAPKs
themselves exhibit both positive and negative effects on regen-
erative myogenesis, similarly the MKPs have been discovered
to exert opposing effects on this process also. For example, we
have shown that mkp-1-deficient mice have impaired muscle
regeneration, and mdx mice (human Duchenne muscular dys-
trophy model) lacking mkp-1 have exacerbated muscular dys-
trophinopathy!®. In contrast, mice lacking mkp-5 were shown to
have improved muscle regeneration, and in the dystrophin-de-
ficient background of the mdx mouse, mkp-5 deletion restored
muscle function and ameliorated the dystrophic phenotype!'.
Since MKP-1 and MKP-5 share similar MAPK substrates!!”-!%],
namely p38 MAPK and JNK, these MKPs must access distinct
effector pathways in order to exert their antagonistic effects on
skeletal muscle function. The distinct signaling events that em-
anate from MKP-1/p38 MAPK/INK and MKP-5/p38 MAPK/
JNK likely stem from sub-cellular locale differences. Whereas
MKP-1 is localized exclusively in the nucleus, MKP-5 shuttles
between the nucleus and cytosol!'®'). Another likely factor un-
derlying the opposing regenerative phenotype between Mkp-1-
and Mkp-5- deficient mice is their differential role in modulat-
ing inflammation following muscle injury. During regenerative
myogenesis no detectable abnormalities in the inflammatory
response is observed in mkp-5 knockout musclest'®l. In con-
trast, mkp-1-deficient muscles exhibited elevated macrophage
infiltration and generated high levels of pro-inflammatory cyto-
kinest®. It has been suggested that hyper-activated p38 MAPK
in mkp-1-deficient muscles prevents the M1 to M2 macrophage
transition resulting in dysregulated muscle repairl®?!. Collec-
tively, these observations indicate that MKP-1 and MKP-5 act
in distinct pathways to maintain homeostatic control of MAPK
signaling in skeletal muscle.

In order to investigate the interplay between MKP-1
and MKP-5 in the regulation of regenerative myogenesis, we
generated mice lacking both mkp-1 and mkp-5. Our findings re-
veal that mkp-1/mkp-5 double knockout mice exhibit impaired
skeletal muscle regeneration similar to that of mkp-/-deficient
mice. These observations demonstrate that MKP-1 predomi-
nates over the actions of MKP-5 to promote regenerative myo-
genesis suggesting that MKP-5 serves to negatively modulate
regeneration later during the process of skeletal muscle repair.

Materials and Methods

Reagents

Cardiotoxin (CTX) from Naja mossambica mossambi-
ca was purchased from Sigma Aldrich (St. Louis, MO, USA).
For immunohistochemical staining, Pax7, bromodeoxyuridine
(BrdU) and myosin heavy chain (MF20) antibodies were pur-
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chased from the Developmental Studies Hybridoma Bank (Iowa
City, IA). Ly6b.2 (clone 7/4) and CD11b were purchased from
AbD Serotec (Raleigh, NC). For fluorescence-activated cell sort-
ing (FACS), propidium iodide (PI), CD31-APC, CD45-APC,
Scal-PerCP-Cy5.5, Biotinylated-Vcaml; PE/Cy7-streptavidin,
Ly6G/C-PE-Cy7, F4/80-Alexa Fluor 488, and CD206-PE were
purchased from BioLegend (San Diego, CA). Calcein Blue Via-
bility Dye was purchased from eBioscience (San Diego, CA).

Mice

Mkp-1 and Mkp-5 double knockout mice were gen-
erated by intercrossing the previously described MkpI”® and
Mkp5 -/-1'% mice. These two knockout lines were bred to gener-
ate Mkpl"; Mkp5*-breeders which were then used to generate
Mip17; Mkp5” offspring. We used C57BL/6J mice as wild type
controls. All the procedures and protocols were approved by the
Virginia Polytechnic and State University Institutional Animal
Care and Use Committee.

Muscle Regeneration

Mice were anaesthetized by intraperitoneal injection
(10 mg/kg ketamine and 1 mg/kg xylazine). To induce muscle
damage, we injected 80 or 300 pl of cardiotoxin (CTX, 0.1 mg/
ml in PBS) in to the tibialis anterior or gastrocnemius muscle, re-
spectively. The contralateral muscle was injected with phosphate
buffered saline to serve as a control. At the indicated time fol-
lowing muscle injury, muscles were harvested, enzyme digested
for FACS analysis, or fixed overnight in 10% neutral-buffered
formalin and embedded in paraffin for hemotoxylin and eosin
staining.

Histology and Immunohistochemistry

Muscle sections were stained by hemotoxylin and eo-
sin, muscle cross-sectional area (CSA) was assessed using the
NIH image J software. Each measure was derived from 10 ran-
domly chosen fields per muscle section corresponding to more
than 1,000 counted fibers per muscle. Ly6b.2 and CD11b stain-
ing was performed using paraffin-embedded muscle sections
with a 3, 3-Diaminobenzidine (DAB) Peroxidase Substrate Kit
(Vector Laboratories, Burlingame, CA).

Satellite cell (SC) Isolation and Culture

SCs were isolated using a two-step enzyme digestion.
Briefly, pooled muscles from mouse hind limb were minced and
digested in F-10 medium containing 500 U/ml collagenase II
and 10% horse serum for 90 min at 37°C with constant agitation.
The digest was then triturated (20-times) to physically disperse
muscle into single fiber fragments. After a brief wash in F-10
containing 10% horse serum, the fiber fragments were further
digested in F-10 medium containing 38 U/ml collagenase II, 0.5
U/ml dispase I and 10% horse serum for 30 min with constant
agitation. The digest was diluted and passed through a 12 ml
syringe with a 20-gauge needle 10 times to release SCs. The
digest was subjected to centrifugation at 500 g for 1 min. The
supernatant was centrifuged at 1000 g for 5 min to pellet SCs.
For clonal assays, the cells were dispersed in growth medium (F-
10 medium containing 20% FBS, 1% penicillin and streptomy-
cin, and 5 ng/ml bFGF) and seeded on collagen-coated dishes.
For enrichment of SCs for proliferation and differentiation, cells
were grown on Matrigel-coated dishes. To evaluate SC prolif-
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eration, we pulsed SCs with 10 pM BrdU for 1h, and stained
them with anti-BrdU antibody which was detected by fixing
cells in 70% ethanol for 30 min, and BrdU antigen was exposed
by incubating in 1.5M HCI for 30 min at room temperature. To
differentiate cultured SCs, growth medium was removed, cells
were washed with PBS twice, and incubated in differentiation
medium (DMEM containing 2% horse serum and 1% penicillin
and streptomycin) for 3 days.

Immunofluorescence

For immunohistochemistry, paraffin-embedded muscle
sections were deparaffinized in xylene followed by rehydration.
The slides were incubated at 95°C in sodium citrate buffer (10
mM Sodium Citrate, 0.05% Tween 20, pH 6.0) for 30 min fol-
lowed by 20 min incubation at room temperature. Pax7-positive
SCs were detected using a M.O.M kit from Vector Laborato-
ries (Burlingame, CA) according to the manufacturer’s instruc-
tion. To stain nuclei, DAPI was simultaneously applied with the
secondary antibodies at a concentration of 0.1%. Images were
acquired using a Zeiss LSM 510 meta confocal microscope.
Ten random fields per muscle section corresponding to approx-
imately 1,000 fibers per muscle were imaged and counted. For
immunocytochemistry, 3 day differentiated SCs were fixed in
4% paraformaldehyde at room temperature for 10 min followed
by permeabilization in 0.2% triton X-100 for 3 min. Cells were
blocked in 5% goat serum for 30 min at room temperature before
applying anti-myosin primary antibody (MF20).

Quantitative RT-PCR

Total RNA from wild-type and MKP1/5-DKO mus-
cles were extracted using Directzol RNA Miniprep Kit (Zymo
Research, Irvine, CA). Reverse transcription was carried out
using a High-Capacity cDNA Reverse Transcription Kit (Life
Technologies, Grand Island, NY). Samples were run in tripli-
cate in a 96-well microplate using Fast SYBR Green Master Mix
(Life Technologies, Grand Island, NY) and 7500 Fast Real Time
PCR System (Life Technologies, Grand Island, NY). Primer se-
quences used for M1 and M2 macrophage marker genes were as
described previously®!. Transcripts were quantified using AAC,
method using Hprt as an internal control. TagMan primers for
mkpl, mkp5 and 18S rRNA were purchased from ThermoFish-
er Scientific (Grand Island, NY). Gene expression of mkpl and
mkp5 was normalized to 18S rRNA using AAC_ method.

Fluorescence-Activated Cell Sorting (FACS)

In order to examine macrophage skewing repolariza-
tion, damaged skeletal muscle was isolated at the indicated times
after cardiotoxin injection, minced into a slurry with scissors,
and digested in DMEM containing 0.2% collagenase B at 37°C
for 1h with constant agitation. The digest was diluted with wash
buffer (DMEM containing 10% horse serum) and pelleted at 500
g for 1 min. The supernatant was centrifuged at 400 g for 5 min
to pellet SCs. For FACS analysis, cells were stained with a panel
of antibodies on ice for 15 min, washed in 10 ml of wash buffer
before FACS analysis using a BD FACS Aria II flow cytometer.
For SC FACS, isolated cells were stained with biotin- conjugated
Vcaml, CD31-APC, CD45-APC, Scal-APC. PE/Cy7-streptavi-
din was used to detect Vcaml-biotin. Propidium iodide (PI)
and Calcein Blue AM were used to gate dead and live cells
during sorting. SCs were identified by the surface marker com-
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plementation representing Vcam1* CD45- CD31- Scal- 2.

Statistical Analysis

The data analysis was using GraphPad Prism version
6.0. Data are presented as mean + S.E.M. Differences in the fiber
size were analyzed with Chi square tests. To test for differences
in the number of nuclei per fiber a one way ANOVA was used.
The significance level was set as * P <0.05; ** P <0.01; *** P
<0.001.

Results

Impaired Muscle Regeneration in MKP1/SDKO Mice

We have shown that MKP-1-deficient mice are inhibit-
ed in their ability to undergo regenerative myogenesist®. In con-
trast, MKP-5-deficient mice exhibit an enhanced regenerative
capacity!'’. In order to determine the hierarchy between MKP-
1 and MKP-5 for the process of skeletal muscle regeneration
we intercrossed mkp-1"- and mkp-5"" mice to generate proge-
ny that were deficient in both mkp-1 and mkp-5. MKP-1 and
MKP-5-deficient double knockout mice were confirmed through
both genotype-specific PCR (data not shown) and quantitative
PCR (Figure 1A) for the expression of MKP-1 and MKP-5
and are referred to herein as MKP1/5-DKO mice. Male MK-
P1/5-DKO mice showed comparable body weights and muscle
weights as compared with wild type mice (Figure 1B-C). His-
tologically, skeletal muscle from undamaged MKP1/5-DKO
mice was unremarkable and myofibers were equivalent in size
as compared with wild type controls (Figure 1D-F). However,
when subjected to injury by cardiotoxin injection, we found that
MKP1/5-DKO mice were severely impaired in their ability to
regenerate skeletal muscle (Figure 1G). MKP1/5-DKO mice
following injury had much higher numbers of small-sized myo-
fibers as compared with wild type injured mice (Figure 1G). In
addition, both myofiber cross-sectional area and the number of
myofibers with greater than 2 or more nuclei were significantly
reduced in regenerating MKP1/5-DKO mice as compared with
skeletal muscle from wild type mice (Figure 11-J). These results
demonstrate that MKP1/5-DKO mice are impaired in their abil-
ity to undergo regenerative myogenesis and suggests that
loss of both MKP-1 and MKP-5 recapitulates a regenerative
defect similar to that achieved by mkp! deficiency. Since satel-
lite cells (SCs) play a pivotal role in muscle regeneration2,
we assessed the status of SC number on muscle fibers of MK-
P1/5-DKO mice. As shown in Figure 2A, SCs were identified
by FACS using a combination of surface marker expression that
represented the following composition: Vcam1*CD45" CD31-
Scal . We found that SCs in MKP1/5-DKO muscle were sig-
nificantly lower in number as compared with SCs derived from
wild-type muscle (Figure 2B). In agreement with the FACS
analysis, Pax7" cells per 100 muscle fibers was also significantly
decreased in MKP1/5-DKO mice (Figure 2C). Together, these
data demonstrate that MKP-1 and MKP-5 deficiency results in
a reduced SC population consistent with the impaired ability of
these mice to undergo skeletal muscle regeneration.

J Stem Cell Regen Bio | Volume 1: Issue 1



Hierarchical Regulation of Regenerative Myogenesis

Figure 1: Skeletal muscle regeneration is impaired in Mkp1/5 (DKO)
mice.

(A) Mkp1 and Mkp5 mRNA expression in WT and DKO muscles. (B-
C) Mouse body weight (B) and weights of gastrocnemius (GA) and
tibialis anteria (TA) muscle (C). (D) H&E staining of non-damaged GA
muscle. (E-F) Histogram (E) and quantification (F) of the cross section-
al area (CSA) of non-damaged GA muscle. (G) H&E staining of WT
and DKO GA muscles 11 days post cardiotoxin-induced injury. (H-I)
Histogram (H) and quantification (I) of the CSA of the newborn fibers
in (G). (J) Quantification of the fibers containing 1, 2, or 3 and more
nuclei in (G). Scar bars in (D and G), 100 um. Data represent means =+
SEM from n=6 eight-week-old males in each genotype. *** P < 0.001
compared to WT.

Figure 2: MKP1/5-DKO (DKO) mice have reduced muscle stem cell
content.

(A) Pooled hindlimb muscles were digested to isolate single cells
for flow cytometry. SCs were sorted based on the surface markers
Vcam*CD45CD31Scal". Calcein Blue AM was used to identify live
cells, whereas propidium iodide for dead cells. (B) SC content in WT
and DKO muscles. Values on the gates represent percent of muscle stem
cells of the live cells (Calcein Blue AM+PI- population). (C) Muscle
cryosections were stained for Pax7, and the number of Pax7* cells was
counted. Data represent means + SEM from n=6 mice in each genotype.
*#% P <0.001 compared to the WT mice.

Decreased SC Proliferation in MKP1/5-DKO Mice
Given that MKP1/5-DKO mice have impaired muscle
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regeneration (Figurel) and reduced SC number (Figure 2) we
next assessed whether SCs from MKP1/5-DKO mice were altered
in their ability to proliferate. SCs derived from MKP1/5-DKO
mice were found to have reduced proliferative capacity evaluat-
ed either by clonal assay (Figure 3A and B) or by BrdU incor-
poration assay (Figure 3C and D). Despite the observation that
MKP1/5-DKO SCs were inhibited in their ability to proliferate,
when assessed for their differentiating capacity, MKP1/5-DKO
SCs formed multinucleated myotubes as efficiently as wild type
SCs (Figure 3E and F). Thus, MKP1/5-DKO SCs appear to re-
flect the impaired proliferative phenotype of MKP-1-deficient
SCs rather than that of MKP-5-deficient SCs. However, neither
the MKP-1-deficient nor the MKP-5-deficient differentiation
phenotypes are recapitulated by loss of both MKP-1 and MKP-
5. Therefore, the negative effects of MKP1/5-DKO on regenera-
tive myogenesis are largely attributed to the proliferative defect,
rather than the failure of SCs to differentiate.

Figure 3: MKP1/5-DKO SCs have impaired prolifertation in vitro.
(A-B) Histogram (A) and quantification of clone size (B) of the isolated
SCs. SCs were isolated from skeletal muscles from WT and DKO mice,
and cultured in collagen-coated plate for 7d. (C-D) Representative pho-
to micrographs (C) and quantification (D) of BrdU incorporation into
SCs. SCs were isolated and cultured as in (A-B). BrdU (10 uM) was
added to the culturte medium for 1h before fixation and staining. (E-F)
Representative photo micrographs (E) and quantification (F) of SC dif-
ferentiation in vitro. SCs were isolated and cultured in Matrigel-coated
plates. Equal number of cells were plated and induced to differentiate
for 3d.Scar bars in (C and E), 200 pm. Data represent means + SEM
from three independent experiments. *** P < (0.001 compared to WT.

Enhanced Inflammatory Response in MKP1/5-DKO Mice
Alongside the primary contribution of SCs to the re-
covery of musculature post injury, infiltrating immune cells,
macrophages in particular, play an indispensable role!**. Pre-
viously, we showed that in mice lacking MKP-1 the immune
response was dramatically enhanced following injury!®. In con-
trast, MKP-5-deficient mice following muscle injury showed a
comparable degree of inflammatory responsiveness as compared
to wild type mice!'’. Therefore, we examined the inflammato-
ry response in post muscle injury in MKP1/5-DKO mice. We
stained skeletal muscle sections from 2 day post-injured wild
type and MKP1/5-DKO mice with Ly6b.2, a marker for the iden-
tification of neutrophils, inflammatory monocytes, and activated
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macrophages®?”.. This analysis revealed that skeletal muscle de-
rived from MKP1/5-DKO mice contained increased levels of in-
filtrating Ly6b.2-positive cells (Figure 4A). Next, we examined
the 11 day injured skeletal muscle, and this showed that there
was widespread Ly6b.2* cell clusters in MKP1/5-DKO muscle
sections compared with the scattered distribution of these cell
types in wild type muscle (Figure 4B and D). CD11b, a marker
of granulocytes, monocytes, NK cells, and tissue macrophages,
increased markedly in MKP1/5-DKO muscle 11 days post inju-
ry (Figure 4B and C). Collectively, these findings indicate that
MKP1/5-DKO mice mount a profoundly hyperactive inflamma-
tory response during the regeneration process, a phenotype sim-
ilar to that of loss of MKP-1 alone.

Figure 4: MKP1/5-DKO muscle exhibits enhanced inflammatory re-
sponses after damage.

GA muscle from eight-week-old mice was damaged by cardiotoxin in-
jection. (A) 42h post injury, muscles were harvested, muscle sections
were stained with Ly6b.2 antibody. (B-D) 11d post injury, muscles were
stained for CD11b and Ly6b.2 respectively (B) and quantified (C and
D). Data represent means + SEM from n=6 males in each genotype. * P
<0.05;*** P <0.001 compared to WT. Scale bars, 100 pm.

Disruption of M1 to M2 Macrophage Transition in MK-
P1/5-DKO Mice

MKP-1 is a negative regulator of the immune re-
sponse?3% and MKP-1 deficiency leads to delayed myogenic
regeneration which, is in part, related to an unchecked inflam-
matory responsel® as well as a deregulated transition of M1 to
M2 macrophages?*?!. In contrast, MKP-5-deficiency results
in an equivalent level of inflammatory responsiveness follow-
ing skeletal muscle injury!'®. Therefore, we assessed the effect
of MKP1/5-DKO on the polarization of macrophages between
the M1 and M2 transition states. We first selected M1 and M2
macrophage-specific markers® and assessed whether their gene
expression profiles were altered between wild type and MK-
P1/5-DKO mice. We found that all three M1 macrophage genes
Tnf, Il11b, and Nos2 were significantly up-regulated in MK-
P1/5-DKO mice (Figure 5A-C). In contrast, M2 macrophage
makers I1-10, Retnla and Vcam1 were significantly down-regu-
lated 3 days-post injury (Figure 5D-F).
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Figure 5: MKP1/5-DKO differentially affects M1 and M2 macrophage
marker gene expression. 3 days post injury, TA muscle was harvested,
RNA was extracted and quantitative RT-PCR was performed to detect
gene expression of M1 and M2 macrophage markers. (A-C) Relative
mRNA abundance of M1 macrophage markers Tnf (A), I11b (B), and
Nos2 (C). (D-F) Relative mRNA abundance of M2 macrophage mark-
ers 1110 (D), Retnla (E), and Vcam1 (F). Data represent means + SEM
from n=5 in each genotype. ** P <0.01;*** P <0.001 compared to WT.

To further characterize the M1 and M2 macrophage
phenotype, we performed FACS analysis using 3 dinjured mus-
cles from wild type and MKP1/5-DKO mice. No significant dif-
ferences in the CD45" cell population in 3d damaged muscles
between wild type and MKP1/5-DKO mice were observed (Fig-
ure 6A). However, the fraction of F4/80" (macrophage popula-
tion) cells in the CD45" population was significantly lower in
MKP1/5-DKO mice (Figure 6B). In contrast, the proportion of
CD45* Ly6G/CF4/80- cells (neutrophil population) was signifi-
cantly higher in MKP1/5-DKO mice (Figure 6C and D). Of the
F4/80" cells, the M2 macrophages (F4/80"Ly6G/C") were the
major components in wild type muscle. Whereas, the MKP1/5-
DKO muscle M2 and M1 (F4/80°Ly6G/C") accounts for 50%
of the macrophage population, respectively (Figure 6D and E).
We then analyzed an additional M2 macrophage surface mark-
er, CD206, out of the F4/80" cell population. In agreement with
the decreased M2 population, CD206 expression was greatly
reduced in MKP1/5-DKO macrophages in comparison with
wild type macrophages (Figure 6F). Such a trend continued
in MKP1/5DKO muscles 6d post injury (Figure 6G). Togeth-
er, these findings suggest that MKP1/5-DKO mice are deficient
in the ability to promote the M1 to M2 transition at the time
of resolution of inflammation. Together, these findings indi-
cate that MKP1/5-DKO mice exhibit phenotypes that are sim-
ilar to that of MKP-1-deficient mice in at least three aspects:
1) MKP1/5-DKO mice negatively regulate SC proliferation 2)
MKP1/5-DKO mice retard the transition of macrophages from
the pro- to anti-inflammatory phenotype; and 3) MKP1/5-DKO
impairs muscle regeneration after injury. Collectively, these re-
sults support the notion that the positive actions of MKP-1 on re-
generative myogenesis, predominate over those of the negative
effects mediated by MKP-5.
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Figure 6: MKP1/5-DKO impairs macrophage skewing during muscle
regeneration.

Tibialis anterior muscle was injected with cardiotoxin, 3d (A-F) or
6d (G) later, muscles were harvested, digested, and underwent FACS
analysis.(A) % CD45" cells in damaged muscle. (B) % F4/80" cells of
CD45" cells. (C) % Neutrophil (NF) (F4/80-Ly6G/C™) of CD45" cells.
(D) Neutrophil (NF) (F4/80° Ly6G/C"), M1 macrophage (F4/80°Ly6G/
C") and M2 macrophage (F4/80"Ly6G/C') populations of CD45" cells.
(E) M1 and M2 subpopulations of F4/80" cells. (F) CD206 expression
in F4/80* cells from 3d post injury muscles. Solid line, WT; Dotted
line, DKO. (G) CD206 expression in F4/80" cells from 6d post injury
muscles. Solid line, WT; Dotted line, DKO. (F- G) Insets: values repre-
sent relative median fluorescence intensity (MFI) of PE. Data represent
means + SEM from n=6 four-month-old males in each genotype. ** P <
0.01; *** P<0.001 compared to WT.

Discussion

A wealth of evidence supports a critical role for the
MAPK/MKP pathway in the regulation of regenerative myogen-
esis and SC progression after muscle damage®!:1681, Although an
intricate balance exists amongst the MKPs between their cog-
nate MAPKs during regenerative myogenesis, a complete un-
derstanding of how these networks interact still remains unclear.
This is particularly well exemplified when one considers the ac-
tions of MKP-1 and MKP-5 in regenerative myogenesis. Both
MKP-1 and MKP-5 dephosphorylate and thus inactivate p38
MAPK and JNK. Yet, MKP-1-deficient mice have an impaired
capacity to regenerate skeletal muscle!®. In contrast, MKP-5-de-
ficient mice have an enhanced skeletal muscle regenerative ca-
pacity'’l, How these two MKPs coordinate MAPK-dependent
signaling during regenerative myogenesis is unclear and the hi-
erarchy of their effects on this process is unknown. Therefore,
the goal of this study was to determine which of these MKPs
plays the predominate role in MAPK-dependent signaling in
skeletal muscle regeneration and SC function in order to provide
a contextual perspective for the interplay between MKP-1 and
MKP-5 in regenerative myogenesis.

We discovered that MKP1/5-DKO mice were impaired
in their ability to successfully undergo skeletal muscle regenera-
tion. Consistent with this, SCs derived from MKP1/5-DKO mice
showed defective proliferative capacity. Since, impaired regen-
eration and SC proliferation are observed in MKP-1-deficient
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micel® but not in MKP-5-deficient mice!'® these results demon-
strate that the positive actions of MKP-1 predominate over the
negative effects of MKP-5 on SC function and skeletal muscle
regeneration. These results suggest that MKP-1/MAPK-depen-
dent signaling is likely exerted early on during regenerative
myogenesis in order to promote the repair process whereas,
MKP-5 acts later on to attenuate it. How does MKP-1 exert a
distinct myogenic regulatory signal from that of MKP-5 given
that theses MKPs dephosphorylate both p38 MAPK and JNK.
One plausible explanation is that the pools of MAPK depen-
dent substrates regulated by MKP-1 and MKP-5 are non-over-
lapping. This is likely to be the case since MKP-1 is localized
exclusively to the nucleus!'® whereas, MKP-5 shuttles between
the nucleus and cytosol!!’l. During regenerative myogenesis, the
relative expression levels of MKP-1 and MKP-5 are also differ-
ent. MKP-1 expression levels increase shortly after the onset of
injury to skeletal muscle and return to basal levels shortly there-
after®. Whereas, MKP-5 expression levels are downregulated
within the first 48h during myogenesis and return to basal levels
later on. As such, MKP-1 upregulation transiently inactivates
MAPK signaling whereas MKP-5 downregulation promotes
MAPK signaling albeit in different sub-cellular compartments.
These differences likely account for why MKP-1 and MKP-5
exert unique signaling effects on SC function and regenerative
myogenesis. However, these possibilities will require formal
testing.

Adult muscle regeneration is tightly regulated by cas-
cades of signaling pathways that govern the fate of SCs®2. The
success of the regenerative process is tightly integrated with that
of the immune system. SC activation, expansion, and differen-
tiation processes are intertwined with, and influenced by, the
state of macrophage transition. It has been shown that MKP-1
-deficient macrophages exhibit hyper-activation of p38 MAPK,
which prevents the transition of macrophages from the pro-in-
flammatory M1 to anti-inflammatory M2 states of activation
through a p38 MAPK-miR-21-AKT pathway®®. This transition
defect in macrophages causes the lack of resolution of inflam-
mation which plays a key role in MKP-1 deficiency-induced
impairment of muscle structure after injury®”. Interestingly, we
found that the effect of MKP1/5-DKO in the M1 to M2 mac-
rophage transition was similar to that of MKP-1 single abla-
tion. These results suggest that the MKP-1/MAPK actions also
predominate over the effects of MKP-5 in the immune system
during skeletal muscle regeneration. Indeed, the immune re-
sponse following skeletal muscle injury is comparable between
wild type and MKP-5-deficient micel'®l. The deleterious effects
of the enhanced inflammatory response incurred through the loss
of MKP-1 in this case is likely a major contributor to the poor
outcome of regeneration in the MKP1/5-DKO mice. Recent
work clearly demonstrates that defects in macrophage transi-
tion from M1 to M2 states of activation plays a critical role in
muscle recovery. Shortly after muscle injury, M1 macrophages
secrete cytokines that promote SC proliferation, gradually tran-
sit to a M2 phenotype and stimulate SC differentiation>?%. Mice
carrying the Cebpb promoter with two CREB-binding mutant
sites demonstrate severe impairment of muscle repair after inju-
ry, which is related to the lack of induction of M2 macrophage-
specific gene expression™. In an MKP-1-deficient mouse mod-
el, enhanced p38 MAPK activation blocks macrophage M1 to
M2 transition and impairs muscle recovery after injury®”. Here
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we show that MKP1/5-DKO mice also demonstrate defects in
the M1 to M2 macrophage transition. Since MKP-5-deficient
mice have enhanced muscle regeneration with similar inflamma-
tory profiles as compared with wild-type mice, it will be interest-
ing to determine whether MKP-5 deficiency affects macrophage
skewing during muscle repair. Although MKP-5 is one of the
regulators of p38 MAPK activity in skeletal muscle!'"! whether
its unique sub-cellular location also promotes M1 to M2 transi-
tions remains to be determined.

Conclusion

The interplay between the MKPs as positive and neg-
ative regulators of skeletal muscle function and regeneration is
unknown. Our results show that the positive actions of MKP-1
supersede that of the negative effects of MKP-5 on regenerative
myogenesis and SC function. Moreover, these data demonstrate
genetically that although both MKP-1 and MKP-5 dephosphory-
late p38 MAPK and JNK they function to regulate skeletal mus-
cle homeostasis through non-overlapping signaling pathways.
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