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Abstract: Skeletal muscle regeneration following injury depends on the ability of satellite cells
(SCs) to proliferate, self-renew, and eventually differentiate. The factors that regulate the process of
self-renewal are poorly understood. In this study we examined the role of PKCθ in SC self-renewal
and differentiation. We show that PKCθ is expressed in SCs, and its active form is localized to the
chromosomes, centrosomes, and midbody during mitosis. Lack of PKCθ promotes SC symmetric
self-renewal division by regulating Pard3 polarity protein localization, without affecting the overall
proliferation rate. Genetic ablation of PKCθ or its pharmacological inhibition in vivo did not affect
SC number in healthy muscle. By contrast, after induction of muscle injury, lack or inhibition of
PKCθ resulted in a significant expansion of the quiescent SC pool. Finally, we show that lack of PKCθ

does not alter the inflammatory milieu after acute injury in muscle, suggesting that the enhanced
self-renewal ability of SCs in PKCθ-/- mice is not due to an alteration in the inflammatory milieu.
Together, these results suggest that PKCθ plays an important role in SC self-renewal by stimulating
their expansion through symmetric division, and it may represent a promising target to manipulate
satellite cell self-renewal in pathological conditions.
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1. Introduction

Satellite cells (SCs) are the adult stem cells of skeletal muscle. They were first identified by Mauro
in 1961who named them satellite cells because of their position between the sarcolemma and the basal
lamina of the fiber [1]. Satellite cells are mitotically quiescent (in G0 phase) under steady state, and
express the paired-box transcription factor Pax7 [2]. However, following muscle injury SCs enter the
cell cycle, expand, and fuse together or with pre-existing myofibers to repair the muscle. During
muscle regeneration some of the SCs undergo self-renewal to maintain the stem cell pool. Satellite cell
self-renewal is achieved through the balance between asymmetric and symmetric division. Asymmetric
division generates one stem cell and one committed progenitor, while symmetric division generates
two identical cells that will either differentiate or self-renew [3,4]. The orientation of the mitotic
spindle, the niche environment and the localization of the PAR polarity complex (PAR3-PAR6-aPKC),
determine the type of division [5,6]. Thus, the asymmetric localization of the PAR complex in SCs
drives the polarization of cell fate determinants and promotes asymmetric cell division by inducing
MyoD expression in only one daughter cell [4].

Protein kinase C Theta (PKCθ) is a serine and threonine kinase belonging to the family of novel
PKCs. It is mostly expressed in hematopoietic cells with high levels in T cells, where it regulates cell
activation, proliferation, and survival [7,8]. In addition, PKCθ is also the PKC isoform predominantly
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expressed in skeletal muscle, where it regulates muscle development and homeostasis by promoting the
initial myoblast fusion events. As a result, lack of PKCθ delays the early phase of muscle regeneration
after muscle injury, but it does not compromise terminal differentiation [9].

We previously showed that knock-out of PKCθ or its inhibition in a mouse model of Duchenne
Muscular Dystrophy (mdx mouse) reduces muscle damage, by modulating the immune cell infiltration.
This beneficial effect was mainly due to the inhibition of PKCθ in T cells, which leads to reduced
inflammation [10–12]. Interestingly, we also found that lack of PKCθ promotes muscle repair in
dystrophic mice, even at advanced stages of the disease, supporting SCs survival and maintenance [13].
However, whether this effect was due to reduced inflammation or to a direct role of PKCθ on SCs
activity, or both, was still unclear.

Here, we show that PKCθ plays a direct role in SCs activity by stimulating their symmetric
division and promoting their self-renewal. Thus, in the absence of PKCθ, there is a significant increase
in the quiescent SC pool following acute muscle injury. Overall, our findings suggest that, targeting
PKCθ might be a potential novel approach to manipulate SC self-renewal in pathological conditions
and improve regeneration.

2. Results

2.1. Phospho-PKCθ is Localized to the Nucleus, Centrosomes, Mitotic Spindle and Midbody in Satellite Cells
during Mitosis

Satellite cells can exist in a quiescent state in physiological conditions, or as activated/committed
progenitors during muscle regeneration [14]. To elucidate the functional role of PKCθ in satellite cells,
we first analyzed the kinetics of PKCθ expression by Western blot during SC activation, proliferation
and differentiation. Satellite cells isolated from hind limb muscle were processed immediately after
isolation in order to analyze PKCθ expression in early activated cells [15]. A portion of the isolated
cells were cultured in growth medium (GM) for 72h to analyze PKCθ expression in proliferating cells.
For the analysis of PKCθ in differentiated cells, SCs were cultured in differentiation medium (DM)
for 24h. Western Blot analysis showed that PKCθ is already expressed in early activated cells (i.e.,
freshly isolated). Its expression declines in proliferating cells and increases again in differentiated cells
(Figure 1A,B). However, the analysis of the phosphorylated/active form revealed that PKCθlevel of
activation is very similar between Freshly Isolated SCs and proliferating SCs (72h GM), while it is
reduced in differentiating cells (24h DM), although not significantly (Figure 1A,C).

We then analyzed the localization of active PKCθ by immunofluorescence analysis of
phospho-PKCθ in SCs isolated from WT mice and cultured for 24 and 72h.To identify proliferating SCs
and visualize the mitotic spindle we performed α-Tubulin co-immunostaining. At 24h in culture, when
SCs did not enter the cell cycle yet, phospho-PKCθ was localized on plasma membrane (Figure 1D).
In proliferating cells, at 72h in culture, phospho-PKCθ was localized in the nucleus during prophase
and in the centrosomes and partially in the mitotic spindle during metaphase. During telophase,
phospho-PKCθ was visible at the spindle midzone, and during cytokinesis it moved to the intercellular
bridge of the midbody (Figure 1D).

These results suggest that PKCθ could be involved in the regulation of SCs division processes.
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Figure 1. Phospho-PKCθ is localized to the nucleus, centrosomes, mitotic spindle and midbody in 
satellite cells during mitosis.A: WB analysis showing PKCθ and phospho-PKCθ expression in 
activated SCs (freshly isolated), proliferating SCs (72h GM), differentiated myotubes (24h DM) (n= 3 
individual experiments). B: WB densitometric analysis of the level of PKCθ expression, normalized 
on the level of GAPDH protein. C: WB Densitometric analysis of the phospho-PKCθ/PKCθ ratio. D: 
Representative immunofluorescence images of satellite cells after 24h and 72h in culture, stained for 
α-Tubulin (red) and phospho-PKCθ (green). Nuclei were counterstained with Hoechst. Scale bar 20 
µm. Error bars represent mean ± sem. 

2.2. Knock out of PKCθ Does Not Affect Satellite Cell Proliferation 

To understand whether SC proliferation is affected by PKCθ,we isolated SCsfrom WT and 
PKCθ-/- muscles, labeled them with the CFSE proliferation die, and cultured in growth medium for 
72h.FACS analysis showed that there was no difference in CFSE fluorescence between WT and PKCθ-
/- cells (Figure 2A), suggesting that the cells underwent similar rounds of cycling. SC proliferation 

Figure 1. Phospho-PKCθ is localized to the nucleus, centrosomes, mitotic spindle and midbody in
satellite cells during mitosis. (A): WB analysis showing PKCθ and phospho-PKCθ expression in
activated SCs (freshly isolated), proliferating SCs (72h GM), differentiated myotubes (24h DM) (n= 3
individual experiments). (B): WB densitometric analysis of the level of PKCθ expression, normalized
on the level of GAPDH protein. (C): WB Densitometric analysis of the phospho-PKCθ/PKCθ ratio.
(D): Representative immunofluorescence images of satellite cells after 24h and 72h in culture, stained
for α-Tubulin (red) and phospho-PKCθ (green). Nuclei were counterstained with Hoechst. Scale bar
20 µm. Error bars represent mean ± sem.

2.2. Knock out of PKCθ Does Not Affect Satellite Cell Proliferation

To understand whether SC proliferation is affected by PKCθ,we isolated SCsfrom WT and PKCθ-/-
muscles, labeled them with the CFSE proliferation die, and cultured in growth medium for 72h.FACS
analysis showed that there was no difference in CFSE fluorescence between WT and PKCθ-/- cells
(Figure 2A), suggesting that the cells underwent similar rounds of cycling. SC proliferation was also
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analyzed in regenerating gastrocnemius (GA) muscles by immunofluorescence staining for Pax7 as
a SC marker, and Ki67 as a proliferation marker. The analysis was performed at day 3 and 7 after
CTX injury, during the peak of SC proliferation and the initial phase of regeneration, respectively. The
number of cells double positive for Pax7 and Ki67 were counted, and the results were normalized
to the total number of Pax7+ cells. As shown in Figure 2B,C, the percentage of proliferating SCs
(Pax7+/Ki67+) was similar between WT and PKCθ-/- mice.
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the induction of CTX injury, scale bar: 100µm. 

2.3. Lack of PKCθ Stimulates Symmetric Self-Renewal by Regulating Pard3 Polarization 

Together, the results obtained demonstrate that satellite cell proliferation is not regulated by 
PKCθ; thus, the localization of phospho-PKCθ at the centrosomes and mitotic spindle of dividing SC 
should reflect a role of this protein to other processes associated to cell division, rather than 
proliferation. Interestingly, in T cells, PKCθ promotes MTOC reorientation and cell polarization in 
the direction of the antigen presenting cell. This process may also promote asymmetric division, that 
is important for the acquisition of T cell memory [16]. We thus hypothesized that PKCθmay be 
involved in the regulation of symmetric/asymmetric division in SCs.  

To investigate this possibility, we isolated single myofibers from WT and PKCθ-/- EDL muscles, 
and cultured them for 48h, which is the time necessary for the first cell division to occur. In this 
system SCs remain associated with the fiber, allowing us to study their behavior in conditions similar 
to their in vivo niche environment. During in vitro culture of myofibers SCs become activated, 
upregulate MyoD and enter cell cycle. Symmetric division generates two identical cells, which can 

Figure 2. Knock out of Protein kinase C Theta (PKCθ) does not affect satellite cell (SC) proliferation.
(A): Flow-cytometry analysis of CFSE stained WT and PKCθ-/- SCs, cultured for 72h in GM. (B):
Percentage of proliferating SCs, identified by immunofluorescence asPax7+/Ki67+ cells on WT and
PKCθ-/- GA muscle sections, 3 and 7 days after CTX injury, over the total Pax7+ cells. (C): Representative
immunofluorescence images of WT and PKCθ-/- GA muscles, stained for Pax7 and Ki67, 3 days after
the induction of CTX injury, scale bar: 100 µm.

2.3. Lack of PKCθ Stimulates Symmetric Self-Renewal by Regulating Pard3 Polarization

Together, the results obtained demonstrate that satellite cell proliferation is not regulated by PKCθ;
thus, the localization of phospho-PKCθ at the centrosomes and mitotic spindle of dividing SC should
reflect a role of this protein to other processes associated to cell division, rather than proliferation.
Interestingly, in T cells, PKCθ promotes MTOC reorientation and cell polarization in the direction of
the antigen presenting cell. This process may also promote asymmetric division, that is important
for the acquisition of T cell memory [16]. We thus hypothesized that PKCθmay be involved in the
regulation of symmetric/asymmetric division in SCs.

To investigate this possibility, we isolated single myofibers from WT and PKCθ-/- EDL muscles,
and cultured them for 48h, which is the time necessary for the first cell division to occur. In this
system SCs remain associated with the fiber, allowing us to study their behavior in conditions similar
to their in vivo niche environment. During in vitro culture of myofibers SCs become activated,
upregulate MyoD and enter cell cycle. Symmetric division generates two identical cells, which can
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be both Pax7+/MyoD−, or both Pax7+/MyoD+. Asymmetric division generates two cells that differ
for MyoD expression, instead: one cell will be Pax7+/MyoD−, and the other will be Pax7+/MyoD+.
After 48h in culture cell doublets were visible, and symmetric/asymmetric division was studied by
immunofluorescence staining for Pax7 and MyoD.

The SCs destined to undergo self-renewal were identified as Pax7+MyoD−, whereas SCs committed
to differentiation were Pax7+MyoD+. We observed a significant increase in the number of symmetric
SC divisions in myofibers isolated from PKCθ-/- mice, compared to WT (Figure 3A,B). Within the
symmetric division events, the number of “self-renewing” Pax7+/MyoD− cell doublets was significantly
higher in myofibers from PKCθ-/- mice compared to WT (Figure 3C).

The number of Pax7+/MyoD− self-renewing cells remained higher in PKCθ-/- myofibers even
after 72h in culture, when clusters of proliferating SCs were visible on the myofiber surface (Figure
S1A,B). The number of satellite cells per cluster was similar between the two genotypes, confirming
that PKCθ does not affect satellite cell proliferation (Figure S1C).

Asymmetric cell division is regulated by the polarization of PAR complex, which drives the
segregation of polarity proteins that determine the fate of daughter cells [17].

Therefore, we wondered whether the increased symmetric divisions observed in myofiber
associated SCs from PKCθ-/- mice may depend on an alteration of PAR3 complex polarization. To
investigate this possibility, we examined the expression of Pard3 (the mammal ortholog of Drosophila
Par3) and Pax7 on single myofibers isolated from WT and PKCθ-/- mice, after 36h in culture, by
immunofluorescence staining. At this time point, polarity proteins are segregated, but the first mitotic
division has not occurred yet. In Both WT and PKCθ-/- myofibers, 66% of the SCs showed low to absent
Pard3 expression. Among the Pard3 expressing cells, we found a significant increase in the percentage
of cells showing symmetric distribution of Pard3 in PKCθ-/- compared to WT SCs (Figure 3E–G).
Likewise, there was a reduction in the frequency of cells showing asymmetric distribution of Pard3 in
PKCθ-/-, compared to WT SCs (Figure 3E–G).

Together, these results suggest that PKCθ regulates SC self-renewal in vitro, and its absence
promotes symmetric cell division.
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after 48h in culture. Myofibers were stained for Pax7 (red) and MyoD (green), nuclei were 
counterstained with Topro3. B: Quantification of symmetric division events. C: Quantification of 
Pax7+/MyoD- cell doublets, and D: quantification of total Pax7+/MyoD- cells in WT and PKCθ-/- single 
myofibers. E: Representative pictures of single myofibers isolated from EDL muscles of WT and 
PKCθ-/- mice, after 36h in culture. Myofibers were stained for Pax7 (red) and Pard3 (green), nuclei 
were counterstained with Topro3. F: Percentage ofSCs showing symmetric, low or asymmetric Pard3 
distribution in WT and PKCθ-/- myofibers. G: Percentage of SCs showing symmetric and asymmetric 
Pard3 distribution (WT, n = 3 mice, PKCθ-/-, n = 3 mice, n> 20 myofibers analyzed per mouse). Error 
bars represent mean ± sem, *p < 0.05 calculated by Student’s t-test. 

Figure 3. Lack of PKCθ stimulates symmetric self-renewal by regulating Pard3 polarization.
(A): Representative pictures of single myofibers isolated from EDL muscles of WT and PKCθ-/-
mice, after 48h in culture. Myofibers were stained for Pax7 (red) and MyoD (green), nuclei were
counterstained with Topro3. (B): Quantification of symmetric division events. (C): Quantification of
Pax7+/MyoD− cell doublets, and (D): quantification of total Pax7+/MyoD− cells in WT and PKCθ-/-
single myofibers. (E): Representative pictures of single myofibers isolated from EDL muscles of WT
and PKCθ-/- mice, after 36h in culture. Myofibers were stained for Pax7 (red) and Pard3 (green), nuclei
were counterstained with Topro3. (F): Percentage ofSCs showing symmetric, low or asymmetric Pard3
distribution in WT and PKCθ-/- myofibers. (G): Percentage of SCs showing symmetric and asymmetric
Pard3 distribution (WT, n = 3 mice, PKCθ-/-, n = 3 mice, n > 20 myofibers analyzed per mouse). Error
bars represent mean ± sem, * p < 0.05 calculated by Student’s t-test.
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2.4. Pharmacological Inhibition of PKCθ Increases the Fraction of Reserve Cell Population in Cultured Primary
Myoblasts

We next sought to validate our results from the PKCθ-/- mouse model, using the C20specific
inhibitor of PKCθ [11,12,18,19]. To analyze the effects of C20 throughout the different phases of
myogenic progression, we isolated SC from WT and PKCθ-/- mice and cultured them for 4 days
in growth medium (GM), followed by 2 days in differentiation medium (DM).C20 was used at
the concentration range (0.5 µM, 1 µM and 2 µM) we previously found not to be toxic for in vitro
treatment [11]. Control cultures were treated with 0.1% DMSO, the same concentration used for C20
dilution. To analyze any possible indirect effect of C20, we treated also PKCθ-/- SCs with C20, at the
maximum concentration used for the experiment (2 µM).

Treatment of WT SCs with C20 significantly increased the fraction of Pax7+/MyoD− reserve cells
in a dose dependent manner (Figure 4A,B, Figure S2). In parallel, the fraction of cells committed
to differentiation Pax7−/MyoD+ was reduced (Figure 4C,D, Figure S2). The fusion index was also
reduced after treatment with C20, but the reduction was significant only at the highest dose of C20
used (Figure 4E,F, Figure S2). Similar results were obtained by analyzing the phenotype of the
PKCθ-/- cultured cells (Figure 4 A,C,E), and C20 treatment did not exert any effect (not shown). These
results suggest that in vitro pharmacological inhibition of PKCθ with C20 increases the fraction of
‘self-renewing’ SCs.
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2.5. PKCθ Absence/Inhibition Increases the Quiescent Satellite Cell Pool after Induction of Acute injury 

Figure 4. Pharmacological inhibition of PKCθ increases the fraction of reserve cell population in
cultured primary myoblasts. (A): Percentage of Pax7+/MyoD− SCs in WT and PKCθ-/- cultures, or in
WT cultures treated with increasing concentration of C20 (B); cells were cultured for 4 days in GM
followed by2 days in DM. (C): Percentage of total MyoD+ SCs in WT and PKCθ-/- cultures, or in WT
cultures treated with C20, as in B (D). (E): Fusion index of WT and PKCθ-/- myotubes, or WT myotubes
treated with C20 (F) as in A (n = 3 replicate dishes per group). Error bars represent mean ± sem,
* p < 0.05, ** p < 0.01 calculated by one-way ANOVAwith adjustment for multiple comparison test.
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2.5. PKCθ Absence/Inhibition Increases the Quiescent Satellite Cell Pool after Induction of Acute Injury

Since the results obtained on myofibers in vitro suggested that PKCθmay regulate SCs self-renewal,
we examined whether PKCθ controls the extent of the SCs pool in vivo.

To study SCs self-renewal in vivowe first analyzed the number of SCs in WT and PKCθ-/- mice at
7 and 28 days after cardiotoxin (CTX) muscle injury, when the muscle is regenerating or is completely
regenerated, respectively. Contralateral uninjured muscle was used as control.

Immunofluorescence analysis of Pax7+ cells revealed that the number of SCs per mm2 and the
number of SCs per fiber was similar in PKCθ-/- and WT gastrocnemius (GA) uninjured muscles
(Figure 5B,C, Figure S3). At day 7 after injury, the number of Pax7+ cells was increased in both WT
and PKCθ-/- mice, as a result of cell proliferation. However, the number of Pax7+ cells in PKCθ-/-
mice was significantly higher compared to WT mice (Figure S3). At day 28 after CTX injury, when
muscle is completely regenerated and SCs have returned to quiescence, the number of Pax7+ cells
was significantly higher in PKCθ-/- muscle compared to WT, with a64.4% increase (Figure 5A–C). To
confirm that at this stage all the SCs have gone back to quiescence, we analysed their cycling status by
immunofluorescence staining for Pax7 and Ki67. The results showed that more than 99% of the Pax7+

cells were negative for Ki67 in both WT and PKCθ-/- mice, indicating that they are not proliferating
(Figure 5F). Moreover, all the cells analyzed 28days after CTX were localized in their final position as
quiescent cells, beneath the basal lamina and the sarcolemma of muscle fibers (Figure 5A).

These results suggest that the pool of quiescent SCs is increased in the absence of PKCθ-/-
following injury.

To compare the regenerative ability of WT and PKCθ-/- mice, we analyzed myofiber CSA 28 days
after injury (Figure 5D,E): the mean myofiber CSA, and the distribution of myofiber CSAs were similar
in WT and PKCθ-/- mice. These results suggest that lack of PKCθ increases SC self-renewal without
affecting the muscle regenerative ability after injury.

To investigate whether pharmacological inhibition of PKCθ leads to similar results, we treated
WT mice with the pharmacological inhibitor of PKCθ (C20) and analyzed theSC number before and
after CTX injury.

The treatment was started one day prior to the CTX injection, and was continued for 10 days
following injury, during the phase of satellite cell activation, proliferation and differentiation (Figure 5G).
The mice were treated with daily intra peritoneal injections of C20, at a dose of 5 mg/Kg (previously
established to be effective in vivo [12]). Control mice were treated with Vehicle (DMSO) at the same
concentration used to dissolve C20 (0.5% final concentration in the injected volume). Satellite cell
number was analyzed by Pax7 immunofluorescence staining at day 28 after injury. The results showed
that the number of Pax7+ cells per mm2, and the number of Pax7+ cells per fiber was similar in
uninjured GA in C20 and vehicle treated mice. However, the number of SCs that returned to quiescence
28 days after injury, was significantly higher in mice treated with C20, compared to vehicle, with a 50%
increase (Figure 5H,I). The analysis of the mean CSA and the CSA distribution of myofibers showed
no significant differences between C20 and vehicle treated mice, indicating that C20 treatment does
not affect the muscle regenerative ability (Figure 5J,K). These results suggest that pharmacological
inhibition of PKCθ promotes SC self-renewal in vivo.
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Figure 5. PKCθ absence/inhibition increases the quiescent satellite cell pool after induction of acute
injury. (A): Representative immunofluorescence pictures of WT and PKCθ-/- GA sections, 28 days after
CTX injury. Sections were stained for Pax7 (red) and Laminin (green). Nuclei were counterstained
with Hoechst. Scale bar: 100 µm. (B): Number of SCs per mm2 and (C): number of SCs per
fiber in uninjured and 28 day-injured GA muscle, in WT and PKCθ-/- mice. (D): Mean CSA and
(E): CSA distribution of muscle fibers in WT and PKCθ-/- GA sections, 28 days after injury. (F):
Quantification of non-proliferating SCs 28 days after CTX injury, in WT and PKCθ-/- GA, identified
by immunofluorescence co-staining for Pax7 and Ki67. (WT, n = 4 mice, PKCθ-/-, n = 4 mice). (G):
experimental plan for in vivo C20 treatment in injured muscle. (H): Number of SCs per mm2 and (I):
number of SCs per fiber in uninjured and 28 day-injured GA muscle, in WT mice treated with C20
or vehicle. (J): mean CSA and (K): CSA distribution of muscle fibers in WT mice treated with C20 or
vehicle, 28 days after injury. (C20 treated WT, n = 4 mice, Vehicle treated WT n = 4 mice). Error bars
represent mean ± sem, * p < 0.05, ** p < 0.01 *** p < 0.001, **** p < 0.0001 calculated by Two-way Anova
with adjustment for multiple comparison test.

2.6. The Number of Quiescent Satellite Cells Increases in PKCθ-/- Mice after Repeated Injuries

Previous studies have shown that SC self-renewal is necessary to maintain the stem cell population
after repeated traumas [20]. To investigate the behavior of SCs following repeated injury in the absence
of PKCθ-/-, we induced three CTX injuries in WT and PKCθ-/- GA muscles, 20 days apart from each
other. The muscles were analyzed 30 days after each injury, when regeneration is completed (Figure 6A).
At one month after the first injury we observed a 64% increase in the number of SCs/mm2inPKCθ-/-
mice compared to WT. After 2 injuries this increase remained constant (Figure 6C). However, one
month after the third injury, while SC number did not change in WT mice, we observed an increase of
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110% in the number of SCs/mm2 in PKCθ-/- mice compared to WT mice (Figure 6C). Moreover, the
number of SCs per fiber was significantly higher in PKCθ-/- mice compared to WT at all time points
analyzed after injuries.
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Figure 6. The number of quiescent satellite cells increases in PKCθ-/- mice after repeated injuries. (A):
Experimental plan. (B): representative immunofluorescence pictures of WT and PKCθ-/- GA sections
30 days after 3 CTX injury, scale bar: 100 µm. Sections were stained for Pax7 (red) and Laminin (green).
Nuclei were counterstained with Hoechst. (C): Quantification of the number of SCs/mm2 (D): and
number of SCs per fiber in uninjured GA from WT and PKCθ-/- mice, or after 1, 2 and 3 injuries. (E):
mean CSA of regenerated fibers 30 days after the third injury in WT and PKCθ-/- mice. (F): Frequency
of myofiber CSA from GA muscles of WT and PKCθ-/- mice, 30 days after the third injury. Error bars
represent mean ± sem, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 calculated by two-way ANOVA
with adjustment for multiple comparison test.
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The CSA of regenerated muscle fibers 30 days after the third injury was similar between WT
and PKCθ-/- mice (Figure 6E,F), suggesting that, although more satellite cells undergo self-renewal in
PKCθ-/- mice, their myogenic potential is maintained.

2.7. Knock-out of PKCθ Does Not Alter the Inflammatory Milieu after Induction of Acute Injury

Neutrophils and monocytes are the principal immune cells recruited to muscle following
acute injury, where they influence SC behavior by stimulating their activation, proliferation and
differentiation [21]. While PKCθ plays an important role in effector T cell recruitment in the context of
chronic muscle inflammation as we reported previously [12], less is known about its role in myeloid cell
recruitment. To understand whether PKCθ can indirectly affect SC behavior by altering myeloid cell
response during acute injury, we analyzed myeloid cell infiltration in WT and PKCθ-/- muscle 3 and 10
days after CTX injury, by cytofluorimetric analysis. At 3 days after injury, inflammatory monocytes
invade the injured muscle and drive satellite cell activation and proliferation. At 10 days after injury, the
switch of the pro-inflammatory M1 to the anti-inflammatory M2 macrophages stimulates satellite cell
differentiation and muscle regeneration. We found no significant difference in myeloid cell infiltration
between WT and PKCθ-/- mice at 3 days after injury (Figure 7A–C). The total number of infiltrating
mononuclear cells, CD45+ cells, and CD11b+ cells, was similar between the two genotypes. The M1
and M2 macrophages were identified as CD11b+ F4/80+ Ly6c-hi cells, and CD11b+ F4/80+ Ly6c-lo
cells, respectively. As shown in (Figure 7D,E), the total number of M1 and M2 macrophages did not
change significantly between WT and PKCθ-/- muscles. Within the M2 macrophage population, we
analyzed the expression of CD206 marker, which was also similar (Figure 7F).

At 10 days after CTX injury, the total number of infiltrating inflammatory cells decreased to a
similar extent in both WT and PKCθ-/- mice indicating a resolution of the inflammatory phase. At this
stage, the total number of mononuclear cells, CD45+ cells, CD11b+ cells, M1 and M2 macrophages
was similar between WT and PKCθ-/- mice (Figure 7G–K). There was no difference in the expression of
the M2 macrophage marker CD206 (Figure 7L).

Pro-inflammatory cytokines induce SC activation and differentiation. Therefore, we analyzed the
expression level of some of the principal inflammatory cytokines known to be released during muscle
injury. The results obtained showed no significant difference in the expression level of TNF-α and IL-6
between WT and PKCθ-/- mice, 3 and 10 days after CTX injury (Figure S4). Altogether, these results
suggest that PKCθ does not affect the inflammatory milieu during acute injury.
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Figure 7. Knock-out of PKCθ does not alter the inflammatory milieu after induction of acute injury.
(A): Total number of mononuclear cells, (B): CD45+ cells, (C): CD11b+ cells, (D): Ly6c-hi+ cells, and
(E): Ly6c-low+ cells, normalized on muscle mass 3 days after CTX injury in WT and PKCθ-/- GA. (F):
histogram showing CD206 mean fluorescence in WT and PKCθ-/- GA 3d after CTX. (G): Total number
of mononuclear cells, (H): CD45+ cells, (I): CD11b+ cells, (J): Ly6c-hi+ cells, and (K): Ly6c-low+ cells,
normalized on muscle mass 10 days after CTX injury in WT and PKCθ-/- GA. (L): histogram showing
CD206 mean fluorescence in WT and PKCθ-/- GA 10d after CTX. Error bars represent mean ± sem.

3. Discussion

During muscle regeneration a proportion of SCs undergo self-renewal in order to maintain the
stem cell pool and preserve the regenerative capacity of muscle. The mechanism regulating this process
is complex and involves the activity of diverse molecular pathways [2].

In the present study, we demonstrate that PKCθ plays an important role in SC self-renewal.
PKCθ was expressed in activated and differentiating SCs with minimal expression in proliferating
cells. Interestingly, the ratio between the active phospho-PKCθ and total PKCθ was stable in activated
and proliferating cells, suggesting that even though PKCθ expression decreases during proliferation,
its activity is maintained. In proliferating SCs, during prophase phospho-PKCθ was localized in
the nucleus. A previous study carried out in T cells also showed that PKCθ is localized at the
chromatin level [22]. However, ours is the first study to visualize PKCθ in association with DNA
during prophase. Together, these observations may suggest that PKCθ is involved in the process of
chromatin condensation; however, this possibility should be further investigated in the future. On
the other hand, although we found that PKCθ localizes to the mitotic machinery, we did not observe
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any aberrant cell division in PKCθ-/- satellite cells, nor in WT cells treated with a PKCθ inhibitor,
suggesting that PKCθ is not necessary for successful cytokinesis.

Using the murine erythroleukemia (MEL) cell line it was previously shown that PKCθ is recruited
to the mitotic spindle and associates with centrosomes and kinetochore of dividing cells. Furthermore,
in non-proliferating or differentiated MEL cells, PKCθ expression was down-regulated [23]. Although
the effect of PKCθ ablation/inhibition on MEL cell proliferation was not analyzed in that study, a
potential role of PKCθ in the regulation of cell growth and proliferation was proposed. In our study,
the localization of phospho-PKCθ to the mitotic machinery in SC also suggested a role of this protein
in the regulation of SC division. However, we showed that SC proliferation was not affected by the
absence of PKCθin vitro as well as in vivo after CTX-induced muscle injury.

Since we detected phospho-PKCθ to the centrosomes and mitotic spindle of SCs, we reasoned
that PKCθ might regulate SC polarity during division. Par-3, Par-6, and aPKC form a complex that
localizes to the apical pole of the dividing stem cells, and distribute polarity proteins that direct mitotic
spindle orientation [4,17]. We found that lack of PKCθ increases the symmetric distribution of Pard3
protein in dividing satellite cells, thereby increasing the number of symmetric divisions. As a result,
we observed that both the genetic ablation and the pharmacological inhibition of PKCθ led to the
expansion of the Pax7+/MyoD− ‘reserve cell’ population, in vitro and in vivo. After the induction of
muscle injury, the number of SCs going back to quiescence increased by 65% in PKCθ-/- mice, compared
to WT, and pharmacological inhibition of PKCθ with C20 inhibitor led to similar results after injury.
Notably, a 10-day treatment with C20 during the first phase of regeneration was sufficient to observe
the increase of the quiescent SC pool, suggesting that a PKCθ inhibitor treatment can be useful even
when administered for a short time. No alteration in immune response has been observed in PKCθ-/-
regenerating muscle compared to WT, further supporting the notion that PKCθ plays an intrinsic role
in SC function, through the regulation of polarity proteins distribution, as we propose.

Interestingly, it has been previously shown that, in mdx mice, the absence of dystrophin in
SCs leads to the downregulation of the important regulator of Pard3 polarization, Mark2 (Par1b in
Drosophila), since it confines Pard3 to the opposite side of the cell. In the absence of dystrophin, Mark2
downregulation causes a reduction of Pard3 polarization, and the number of satellite cell symmetric
divisions generating self-renewing cells increases [24]. Furthermore, Watkins et al. demonstrated
that nPKCs regulate Par1 activation and localization in HEK 293 cells, through PKD mediated
phosphorylation [25]. PKCθ belongs to the family of nPKCs, and it is known to be an upstream
regulator of PKD [26]. Thus, we could speculate that PKCθ regulates Par3 polarization via Par1
phosphorylation, but this aspect should be further investigated.

Overall, our findings suggest that PKCθ might be a promising target in conditions where SCs
show functional decline and enhanced myogenic commitment, such as aging. The functional decline in
aged satellite cells is due to modifications in the satellite cell niche, such as deregulations in Wnt, Notch,
and TGFβ pathways [27]. Intrinsic defects in satellite cells from aged mice involve the upregulation
of p-38 and JAK-STAT pathway, which results in the loss of self-renewal ability and regeneration.
Treatment with p-38 inhibitors or JAK-STAT inhibitors leads to the rescue of self-renewal ability and
improved regeneration in aged mice [28,29]. Therefore, future studies should investigate whether
PKCθ expression/phosphorylation increases in aged satellite cells, and whether its inhibition can
rescue self-renewal.

In conclusion, our results identify PKCθ as an important regulator of SC self-renewal and a novel
potential target to counteract satellite cell loss in pathological conditions by limiting the number of
cells committed to differentiation.
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4. Materials and Methods

4.1. Animal Models

PKCθ-/- mice (C57BL/6J background) were originally provided by Dan Littman (New York
University, New York, NY, USA). In these mice, the gene encoding PKCθ Is inactivated in all cells of
the body, as previously described [30]. C57BL/6J control mice were purchased from Jackson laboratory
(Bar Harbor, ME, USA). The animals were housed in the Histology Department–accredited animal
facility. All the procedures were approved by the Italian Ministry for Health and were conducted
accordingto the U.S. National Institutes of Health (NIH) guidelines (Approval number 60/2018-PR,
29/01/2018).

4.2. Cardiotoxin Injury

Cardiotoxin injury was performed by injecting 20 µL of Cardiotoxin from Naja Pallida (10 mMol
in H2O, Latoxan (ZA Les Auréats, France), with two injections of 10 µL each, in two different areas of
the GA muscle, using a 30 Gauge micro-syringe.

4.3. Single Myofiber Isolation and Culture

Single myofibers were isolated from EDL muscles of 4–6-week-old mice, as described [31–33].
Briefly, EDL muscles were dissected from tendon to tendon and incubated in DMEM (Sigma-Aldrich
St. Louis, MS, USA) containing 0.2% collagenase I (Sigma-Aldrich) for 45 min. Myofibers
were then dissociated by gentle flushing with a glass pipette, in a dish containing DMEM 1%
penicillin streptomycin (Sigma-Aldrich). Then, myofibers were washed 3 times in DMEM 1%
penicillin-streptomycin and left for 1h in the last washing dish. Myofibers were then cultured in
suspension in Horse Serum (Gibco, Carlsbad, CA, USA) coated dishes, in high glucose DMEM
containing 1% penicillin-streptomycin, 1% Chick Embryo Extract (CEE, produced in the lab), 20% FBS
(Sigma-Aldrich).

4.4. Satellite Cell Isolation and Culture

SCs were prepared from hind-limb muscles of 4–8 week-old mice, as previously described [34].
Briefly, Hind limb muscles were dissected with scissors and finely diced with a scalpel. For
enzymatic digestion, muscles were incubated in Collagenase type II (Sigma-Aldrich) 0.4 mg/mL
in PBS (Sigma-Aldrich), for 45 min in a shaking water bath at 37 ◦C. A second digestion was
performed in1 mg/mL of Collagen/Dispase (Roche, Basel, Switzerland) in PBS Calcium-Magnesium
free (Sigma-Aldrich), for 30 min at 37 ◦C. The digested muscle was then passed through 70 µm cell
strainer first, and 40 µm cell strainer then, to remove debris. Next, satellite cell purification was
performed by using SC Isolation Kit (Miltenyi Biotech, Bergisch Gladbach, Germany). Cells were then
counted, washed, resuspended in growth medium (GM) and plated. GM contained DMEM20% HS,
3% Embryo Extract. Differentiation medium (DM) contained DMEM 5% HS, 1% CEE.

4.5. Immunofluorescence Analysis

Immunofluorescence analysis was performed as previously described [33]. For
immunofluorescence on sections, 8 µm muscle cryosections were fixed in 4% PFA for 10 min at
room temperature (RT), and then permeabilized in cold methanol for 6 min at –20 ◦C. Next, antigen
retrieval was performed in Citric Acid 0.01M pH 6, for 10 min at 90 ◦C. Sections were then blocked
in BSA (Sigma-Aldrich) 4%, Goat Serum (Sigma-Aldrich) 5% for 30 min RT. Sections were incubated
with primary mouse anti-Pax7 antibody (1:10 Developmental Studies Hybridoma Bank, Iowa City, IA,
USA) and rabbit anti-laminin (1:200 Sigma-Aldrich) diluted in BSA 4% over night at 4 ◦C. The next
day, section were incubated with biotin anti-mouse (1:1000 BioLegend, San Diego, CA, USA) 1h RT.
The sections were then washed three times with PBS for 15 min and subsequently incubated with
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secondary antibodies Streptavidin-Cy3 (1:500 BioLegend) and goat anti rabbit IgG Alexa Fluor 488
(1:1000 Abcam, Cambridge, UK). Nuclei were counterstained with Hoechst.

For myofiber staining, myofibers were fixed in PFA 4% for 5 min RT, permeabilized in cold
methanol −20 ◦C for 6 min, and then incubated in Glycine 1M for 10 min RT to reduce background.
Blocking was performed in BSA 4%, Goat Serum 5% for 30 min RT. Primary antibodies mouse anti Pax7,
rabbit anti-MyoD (1:50 Santa Cruz C20: sc-304, Dallas, TX, USA), and rabbit anti Pard3 (07-330 Merck
Millipore, Burlington, MA, USA) were incubated O/N at 4 ◦C. The next day myofibers were incubated
for 1h at RT in biotin anti-mouse and subsequently in secondary antibodies goat anti rabbit Alexa Fluor
488 and Streptavidin Cy3 for 1h RT, at the concentration listed before. Nuclei were counterstained
with Hoechst or Topro3. Samples were analyzed under an epifluorescence Zeiss Axioskop 2 Plus
microscope (Carl Zeiss, Oberkochen, Germany).

4.6. Western Blot

Satellite cells were homogenized in ice-cold buffer containing 20 mMTris (pH 7.5), 2 mM EDTA,
2 mM EGTA, 250 mM sucrose, 5 mMDTT, 200 mg/mL leupeptin, 10 mg/mL Aprotinin, 1 mM PMSF,
and0.1% Triton X-100 (all from Sigma-Aldrich) and then disrupted by sonication, as previously
described [13]. The homogenate was then incubated for 30 min at 4 ◦C in rotation, then centrifuged
at 12,000g for 10 min at 4 ◦C. Protein determination was performed by using the Comassie Plus
protein assay reagent (Pierce, Rockford, IL, USA), according to the manufacturer’s instruction. Proteins
from each sample were loaded onto 10% SDS-polyacrylamide gels and transferred to a nitrocellulose
membrane (Schleicher and Schuell, Dassel, Germany). The membranes were incubated with anti-PKCθ

(#2059, Cell Signaling, Danvers, MA, USA) and anti phospho-PKCθ (Thr538-Cell Signaling #9377)
primary antibodies 1:1000 diluted in BSA 5% in TBS 1% tween. HRP-conjugated goat anti–rabbit
IgG 1:5000 diluted in BSA 5% in TBS 1% tween (A120-101P, Bethyl Laboratories, Montgomery, TX,
USA) was used as secondary antibody, and immunoreactive bands were detected using ECL solution,
according to the manufacturer’s instructions. Chemiluminescent signals were acquired by ChemiDoc
MP Imaging System (Bio-Rad, Hercules, CA, USA). Densitometric analysis was performed using
ImageJ software (U. S. National Institutes of Health, Bethesda, MD, USA). Proteins were normalized to
GAPDH (Santa Cruz 6C5: sc-32233).

4.7. Cell Isolation and Cytofluorimetric Analysis

To prepare single cell suspension, muscles were dissected from mice and finely minced with a
scalpel in a dish containing DMEM, as previously described [12]. Next, minced muscles were digested
in a solution of Collagenase type IV (Worthington, Lakewood, NJ, USA) 1 mg/mLin DMEM, (10 mL/g
of muscle) for 1h 30 min in shaking water bath at 37 ◦C. Then, digested muscles were passed through a
70 µm cell strainer first and then through a 40 µm cell strainer, to exclude cell debris. Muscle single cell
suspension was then resuspended in FACS buffer (PBS 1% FBS) and incubated 30 min on ice with the
following antibodies: anti-CD45 (Biolegend, clone 30-F11, 1:6000), anti-Ly6G (eBioscience, clone 1A8
and clone RB6-8C5, 1:3000), anti-Ly6c (Biolegend, clone HK1.4, 1:100), anti-F4/80 (Biolegend, clone
BM8, 1:1000), anti-CD206 (MMR) (Biolegend, clone C068C2, 1:50), anti-CD11b (Biolegend, clone M1/70,
1:3000). Cell viability was assessed with 4′,6-diamidino-2-phenylindole dilactate (DAPI) (BioLegend).

For CFSE analysis isolated SCs were stained with CFSE (ThermoFisher Scientific, Waltham, MA,
USA) 5 µm for 20′ at 37 ◦C in dark prior to culture. Samples were processed using a Dako CyAn
ADP flow cytometer and acquired data were analyzed using FlowJo software version 10 (FlowJo LLC,
Ashland, OR, USA).

4.8. RNA Isolation and Real Time PCR Analysis

For RNA preparation from muscle, the muscles were homogenized in TissueLyser (Quiagen,
Hilden, Germany) in the presence of TRI reagent (Sigma-Aldrich). Samples were then
processed as previously described [11]. The following primers were used for amplification:
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IL-6 for: ATGAAGTTCCTCTCTGCAAGAGACT, rev: CACTAGGTTTGCCGAGTAGATCTC;
TNF-α for: ATGATCCGCGACGTGAA, rev: AGGGAGGCCATTTGGGAA; GAPDH for:
ACCCAGAAGACTGTGGATGG, rev: CACATTGGGGGTAGGAACAC. All Real Time PCR results are
expressed as relative ratios of the target cDNA transcripts to GAPDH and normalized to that of the
reference condition. Data analysis was performed using 7500 Software v2.0.6 provided by Applied
Biosystems (Foster City, CA, USA). Data are expressed as fold-change in expression levels.

4.9. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software version 6 (La Jolla, CA,
USA). Quantitative data are presented as means ± SEM of at least three experiments. Statistical
analysis to determine significance was performed using Student’s t tests or Anova test. Differences
were considered statistically significant at the p < 0.05 level.

Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/21/7/2419/s1.
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Abbreviations

aPKC atypical Protein Kinase C
CFSE Carboxyfluorescein succinimidyl ester
CSA Cross Sectional Area
CTX Cardiotoxin
DMD Duchenne muscular Dystrophy
GA Gastrocnemius
IL6 Interleukin 6
MyoD Myoblast Determination Protein 1
nPKC novel Protein Kinase C
PAR1 Partitioning defective 1
PAR3 Partitioning defective 3
PAR6 Partitioning defective 6
Pax7 Paired Box Protein 7
PKCθ Protein Kinase C θ

SCs Satellite Cells
TGFβ Transforming growth factor beta
TNFα Tumor Necrosis Factor alpha

References

1. Mauro, A. Satellite Cell of Skeletal Muscle Fibers. J. Cell Biol. 1961, 9, 493–495. [CrossRef] [PubMed]
2. Cheung, T.H.; Rando, T.A. Molecular regulation of stem cell quiescence. Nat. Rev. Mol. Cell Biol. 2013, 14,

329–340. [CrossRef] [PubMed]
3. Kuang, S.; Kuroda, K.; Le Grand, F.; Rudnicki, M.A. Asymmetric Self-Renewal and Commitment of Satellite

Stem Cells in Muscle. Cell 2007, 129, 999–1010. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/7/2419/s1
http://dx.doi.org/10.1083/jcb.9.2.493
http://www.ncbi.nlm.nih.gov/pubmed/13768451
http://dx.doi.org/10.1038/nrm3591
http://www.ncbi.nlm.nih.gov/pubmed/23698583
http://dx.doi.org/10.1016/j.cell.2007.03.044
http://www.ncbi.nlm.nih.gov/pubmed/17540178


Int. J. Mol. Sci. 2020, 21, 2419 17 of 18

4. Troy, A.; Cadwallader, A.B.; Fedorov, Y.; Tyner, K.; Tanaka, K.K.; Olwin, B.B. Coordination of Satellite Cell
Activation and Self-Renewal by Par-Complex-Dependent Asymmetric Activation of p38α/β MAPK. Cell
Stem Cell 2012, 11, 541–553. [CrossRef]

5. Knoblich, J.A. Asymmetric cell division: Recent developments and their implications for tumour biology.
Nat. Rev. Mol. Cell Biol. 2010, 11, 849–860. [CrossRef]

6. Goulas, S.; Conder, R.; Knoblich, J.A. The Par Complex and Integrins Direct Asymmetric Cell Division in
Adult Intestinal Stem Cells. Cell Stem Cell 2012, 11, 529–540. [CrossRef]

7. Baier, G.; Telford, D.; Giampa, L.; Coggeshall, K.M.; Baier-Bitterlich, G.; Isakov, N.; Altman, A. Molecular
cloning and characterization of PKC theta, a novel member of the protein kinase C (PKC) gene family
expressed predominantly in hematopoietic cells. J. Biol. Chem. 1993, 268, 4997–5004.

8. Zhang, E.Y.; Kong, K.-F.; Altman, A. The yin and yang of protein kinase C-theta (PKCθ): A novel drug target
for selective immunosuppression. Adv. Pharmacol. 2013, 66, 267–312.

9. Marrocco, V.; Fiore, P.; Madaro, L.; Crupi, A.; Lozanoska-Ochser, B.; Bouché, M. Targeting PKCθ in skeletal
muscle and muscle diseases: Good or bad?: Table 1. Biochem. Soc. Trans. 2014, 42, 1550–1555. [CrossRef]

10. Madaro, L.; Pelle, A.; Nicoletti, C.; Crupi, A.; Marrocco, V.; Bossi, G.; Soddu, S.; Bouché, M. PKC Theta
Ablation Improves Healing in a Mouse Model of Muscular Dystrophy. PLoS ONE 2012, 7, e31515. [CrossRef]

11. Marrocco, V.; Fiore, P.; Benedetti, A.; Pisu, S.; Rizzuto, E.; Musarò, A.; Madaro, L.; Lozanoska-Ochser, B.;
Bouché, M. Pharmacological Inhibition of PKCθ Counteracts Muscle Disease in a Mouse Model of Duchenne
Muscular Dystrophy. EBioMedicine 2017, 16, 150–161. [CrossRef] [PubMed]

12. Lozanoska-Ochser, B.; Benedetti, A.; Rizzo, G.; Marrocco, V.; Di Maggio, R.; Fiore, P.; Bouche, M. Targeting
early PKCθ-dependent T-cell infiltration of dystrophic muscle reduces disease severity in a mouse model of
muscular dystrophy. J. Pathol. 2018, 244, 323–333. [CrossRef]

13. Fiore, P.F.; Benedetti, A.; Sandonà, M.; Madaro, L.; De Bardi, M.; Saccone, V.; Puri, P.L.; Gargioli, C.;
Lozanoska-Ochser, B.; Bouché, M. Lack of PKCθ Promotes Regenerative Ability of Muscle Stem Cells in
Chronic Muscle Injury. Int. J. Mol. Sci. 2020, 21, 932. [CrossRef] [PubMed]

14. Yin, H.; Price, F.; Rudnicki, M.A. Satellite Cells and the Muscle Stem Cell Niche. Physiol. Rev. 2013, 93, 23–67.
[CrossRef] [PubMed]

15. Machado, L.; Esteves de Lima, J.; Fabre, O.; Proux, C.; Legendre, R.; Szegedi, A.; Varet, H.; Ingerslev, L.R.;
Barrès, R.; Relaix, F.; et al. In Situ Fixation Redefines Quiescence and Early Activation of Skeletal Muscle
Stem Cells. Cell Rep. 2017, 21, 1982–1993. [CrossRef]

16. Quann, E.J.; Liu, X.; Altan-Bonnet, G.; Huse, M. A cascade of protein kinase C isozymes promotes cytoskeletal
polarization in T cells. Nat. Immunol. 2011, 12, 647–654. [CrossRef]

17. Neumüller, R.A.; Knoblich, J.A. Dividing cellular asymmetry: Asymmetric cell division and its implications
for stem cells and cancer. Genes Dev. 2009, 23, 2675–2699. [CrossRef]

18. Cywin, C.L.; Dahmann, G.; Prokopowicz, A.S.; Young, E.R.R.; Magolda, R.L.; Cardozo, M.G.; Cogan, D.A.;
DiSalvo, D.; Ginn, J.D.; Kashem, M.A.; et al. Discovery of potent and selective PKC-θ inhibitors. Bioorg. Med.
Chem. Lett. 2007, 17, 225–230. [CrossRef]

19. Zanin-Zhorov, A.; Ding, Y.; Kumari, S.; Attur, M.; Hippen, K.L.; Brown, M.; Blazar, B.R.; Abramson, S.B.;
Lafaille, J.J.; Dustin, M.L. Protein kinase C-theta mediates negative feedback on regulatory T cell function.
Science 2010, 328, 372–376. [CrossRef]

20. Shi, X.; Garry, D.J. Muscle stem cells in development, regeneration, and disease. Genes Dev. 2006, 20,
1692–1708. [CrossRef]

21. Tidball, J.G. Regulation of muscle growth and regeneration by the immune system. Nat. Rev. Immunol. 2017,
17, 165–178. [CrossRef] [PubMed]

22. Sutcliffe, E.L.; Bunting, K.L.; He, Y.Q.; Li, J.; Phetsouphanh, C.; Seddiki, N.; Zafar, A.; Hindmarsh, E.J.;
Parish, C.R.; Kelleher, A.D.; et al. Chromatin-Associated Protein Kinase C-θ Regulates an Inducible Gene
Expression Program and MicroRNAs in Human T Lymphocytes. Mol. Cell 2011, 41, 704–719. [CrossRef]
[PubMed]

23. Passalacqua, M.; Patrone, M.; Sparatore, B.; Melloni, E.; Pontremoli, S. Protein kinase C-theta is specifically
localized on centrosomes and kinetochores in mitotic cells. Biochem. J. 1999, 337, 113–118. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.stem.2012.05.025
http://dx.doi.org/10.1038/nrm3010
http://dx.doi.org/10.1016/j.stem.2012.06.017
http://dx.doi.org/10.1042/BST20140207
http://dx.doi.org/10.1371/journal.pone.0031515
http://dx.doi.org/10.1016/j.ebiom.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28089792
http://dx.doi.org/10.1002/path.5016
http://dx.doi.org/10.3390/ijms21030932
http://www.ncbi.nlm.nih.gov/pubmed/32023816
http://dx.doi.org/10.1152/physrev.00043.2011
http://www.ncbi.nlm.nih.gov/pubmed/23303905
http://dx.doi.org/10.1016/j.celrep.2017.10.080
http://dx.doi.org/10.1038/ni.2033
http://dx.doi.org/10.1101/gad.1850809
http://dx.doi.org/10.1016/j.bmcl.2006.09.056
http://dx.doi.org/10.1126/science.1186068
http://dx.doi.org/10.1101/gad.1419406
http://dx.doi.org/10.1038/nri.2016.150
http://www.ncbi.nlm.nih.gov/pubmed/28163303
http://dx.doi.org/10.1016/j.molcel.2011.02.030
http://www.ncbi.nlm.nih.gov/pubmed/21419345
http://dx.doi.org/10.1042/bj3370113
http://www.ncbi.nlm.nih.gov/pubmed/9854032


Int. J. Mol. Sci. 2020, 21, 2419 18 of 18

24. Dumont, N.A.; Wang, Y.X.; von Maltzahn, J.; Pasut, A.; Bentzinger, C.F.; Brun, C.E.; Rudnicki, M.A. Dystrophin
expression in muscle stem cells regulates their polarity and asymmetric division. Nat. Med. 2015, 21,
1455–1463. [CrossRef]

25. Watkins, J.L.; Lewandowski, K.T.; Meek, S.E.M.; Storz, P.; Toker, A.; Piwnica-Worms, H. Phosphorylation of
the Par-1 polarity kinase by protein kinase D regulates 14-3-3 binding and membrane association. Proc. Natl.
Acad. Sci. USA 2008, 105, 18378–18383. [CrossRef]

26. Yuan, J.; Bae, D.; Cantrell, D.; Nel, A.E.; Rozengurt, E. Protein kinase D is a downstream target of protein
kinase Cθ1. Biochem. Biophys. Res. Commun. 2002, 291, 444–452. [CrossRef]

27. Brack, A.S.; Muñoz-Cánoves, P. The ins and outs of muscle stem cell aging. Skelet. Muscle 2016, 6, 1.
[CrossRef]

28. Bernet, J.D.; Doles, J.D.; Hall, J.K.; Kelly Tanaka, K.; Carter, T.A.; Olwin, B.B. p38 MAPK signaling underlies a
cell-autonomous loss of stem cell self-renewal in skeletal muscle of aged mice. Nat. Med. 2014, 20, 265–271.
[CrossRef]

29. Price, F.D.; von Maltzahn, J.; Bentzinger, C.F.; Dumont, N.A.; Yin, H.; Chang, N.C.; Wilson, D.H.; Frenette, J.;
Rudnicki, M.A. Inhibition of JAK-STAT signaling stimulates adult satellite cell function. Nat. Med. 2014, 20,
1174–1181. [CrossRef]

30. Sun, Z.; Arendt, C.W.; Ellmeier, W.; Schaeffer, E.M.; Sunshine, M.J.; Gandhi, L.; Annes, J.; Petrzilka, D.;
Kupfer, A.; Schwartzberg, P.L.; et al. PKC-θ is required for TCR-induced NF-κB activation in mature but not
immature T lymphocytes. Nature 2000, 404, 402–407. [CrossRef]

31. Pasut, A.; Jones, A.E.; Rudnicki, M.A. Isolation and culture of individual myofibers and their satellite cells
from adult skeletal muscle. J. Vis. Exp. 2013. [CrossRef] [PubMed]

32. Renzini, A.; Benedetti, A.; Bouché, M.; Silvestroni, L.; Adamo, S.; Moresi, V. Culture conditions influence
satellite cell activation and survival of single myofibers. Eur. J. Transl. Myol. 2018, 28, 7567. [CrossRef]
[PubMed]

33. Smeriglio, P.; Alonso-Martin, S.; Masciarelli, S.; Madaro, L.; Iosue, I.; Marrocco, V.; Relaix, F.; Fazi, F.;
Marazzi, G.; Sassoon, D.A.; et al. Phosphotyrosine phosphatase inhibitor bisperoxovanadium endows
myogenic cells with enhanced muscle stem cell functions via epigenetic modulation of Sca-1 and Pw1
promoters. FASEB J. 2016, 30, 1404–1415. [CrossRef] [PubMed]

34. Madaro, L.; Marrocco, V.; Fiore, P.; Aulino, P.; Smeriglio, P.; Adamo, S.; Molinaro, M.; Bouché, M. PKCθ

signaling is required for myoblast fusion by regulating the expression of caveolin-3 and β1D integrin
upstream focal adhesion kinase. Mol. Biol. Cell 2011, 22, 1409–1419. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nm.3990
http://dx.doi.org/10.1073/pnas.0809661105
http://dx.doi.org/10.1006/bbrc.2002.6469
http://dx.doi.org/10.1186/s13395-016-0072-z
http://dx.doi.org/10.1038/nm.3465
http://dx.doi.org/10.1038/nm.3655
http://dx.doi.org/10.1038/35006090
http://dx.doi.org/10.3791/50074
http://www.ncbi.nlm.nih.gov/pubmed/23542587
http://dx.doi.org/10.4081/ejtm.2018.7567
http://www.ncbi.nlm.nih.gov/pubmed/29991990
http://dx.doi.org/10.1096/fj.15-275420
http://www.ncbi.nlm.nih.gov/pubmed/26672000
http://dx.doi.org/10.1091/mbc.e10-10-0821
http://www.ncbi.nlm.nih.gov/pubmed/21346196
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Phospho-PKC is Localized to the Nucleus, Centrosomes, Mitotic Spindle and Midbody in Satellite Cells during Mitosis 
	Knock out of PKC Does Not Affect Satellite Cell Proliferation 
	Lack of PKC Stimulates Symmetric Self-Renewal by Regulating Pard3 Polarization 
	Pharmacological Inhibition of PKC Increases the Fraction of Reserve Cell Population in Cultured Primary Myoblasts 
	PKC Absence/Inhibition Increases the Quiescent Satellite Cell Pool after Induction of Acute Injury 
	The Number of Quiescent Satellite Cells Increases in PKC-/- Mice after Repeated Injuries 
	Knock-out of PKC Does Not Alter the Inflammatory Milieu after Induction of Acute Injury 

	Discussion 
	Materials and Methods 
	Animal Models 
	Cardiotoxin Injury 
	Single Myofiber Isolation and Culture 
	Satellite Cell Isolation and Culture 
	Immunofluorescence Analysis 
	Western Blot 
	Cell Isolation and Cytofluorimetric Analysis 
	RNA Isolation and Real Time PCR Analysis 
	Statistical Analysis 

	References

