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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
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china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly

Cell Stem Cell

Silencing of Myf5mRNA in Quiescent Satellite Cells

Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc. 119

and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
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found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle
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middle) antibodies on a freshly isolated (0 hr) wild-type
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immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31
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marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly

Cell Stem Cell

Silencing of Myf5mRNA in Quiescent Satellite Cells

Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc. 119

and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
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Quiescent cells have a higher level of transcripts for many factors
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china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
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presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.
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(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
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Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.
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Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.
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with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.

Cell Stem Cell

Silencing of Myf5 mRNA in Quiescent Satellite Cells

124 Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc.



 
 
 

D.												HOECHST																					Myogenin																							Merge	
			
			
			
IL
-6
			
			
			
			
			
			
			
			
			
TN

Fα
			
			
			
			
			
			
			
			
			
			
			
	IL
-1
β	
			
			
			
			
			
			
			
			
			
	C
TR

L	
			
			
	

100	um	

100	um	

100	um	

100	um	

and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
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absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure 4. Satellite Cell Activity and Skeletal Muscle Regeneration Is Modulated by miR-31 Regulation of Myf5
(A–I) Uninjured TA muscle after antagomiR-31 treatment.

(A) Immunostaining of sections with antibodies against Pax7 (top, green) and laminin (middle, red), with DAPI staining of nuclei, in mice treated with antagomiRs

against miR-31 (antagomiR-31) or a control antagomiR. Merged images are shown in the bottom panels. Arrowheads point to satellite cells.

(B) Immunostaining of sections with antibodies against Pax7 (green) and Myf5 (red) in mice treated with antagomiR-31 or a control antagomiR. Merged images,

with DAPI staining, are shown in the bottom panels. Colocalization of Myf5 with Pax7 (yellow) in a satellite cell of antagomiR-31-treated mice is indicated

(arrowheads).

(C) Immunostaining of sections with antibodies against Pax7 (green) and p54/RCK (red) of antagomiR-31, compared to control antagomiR-treated animals. Insets

show enlargement of satellite cells with DAPI staining of the nucleus.

(D) Immunostaining of sections with antibodies against MyoD (red) and Ki67 (green), with DAPI staining of the nuclei, of antagomiR-31, compared to control

antagomiR-treated mice.

(E and F) Quantification of the number of satellite cells expressing Pax7 (E) and Myf5 (F), per 100 fibers, on such transverse sections of TA muscle from mice

treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(G) Percentage of Pax7-positive satellite cells with cytoplasmic mRNP granules labeled by p54/RCK on transverse sections of TAmuscles frommice treated with

control antagomiR (C) or antagomiR-31 (a31). Error bars represent SEM.

(H) Quantification of the number of myonuclei per 100 fibers on sections of TA muscle frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error

bars represent SEM.

(I) The mean TAmuscle fiber cross-section area (CSA) frommice treated with control antagomiR (C) or antagomiR-31 (a31). Error bars represent 95% confidence

interval surrounding the mean with p < 0.001 using paired Student’s t test.
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.
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china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA
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(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and
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satellite cells directly isolated (day 0) from adult Pax3GFP/+
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(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled
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represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,

marked by a Pax7-positive nucleus (green), are indicated

by arrows. Asterisks (*) in (F) and (H) mark adjacent fibers,

negative for miR-31.

repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly

Cell Stem Cell

Silencing of Myf5mRNA in Quiescent Satellite Cells

Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc. 119

and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
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repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly

Cell Stem Cell

Silencing of Myf5mRNA in Quiescent Satellite Cells

Cell Stem Cell 11, 118–126, July 6, 2012 ª2012 Elsevier Inc. 119

and 1I). In contrast, muscle fibers (Figures 1F and 1H) and other
cell types (data not shown) present in the muscle tissue are
negative.

miR-31 Is Sequestered with Myf5 Transcripts in
Cytoplasmic mRNP Granules in the Quiescent Satellite
Cell
Quiescent cells have a higher level of transcripts for many factors
found in mRNP granules (see Table S1 available online; Pallafac-
china et al., 2010), which share components with P-bodies and
stress granules and have been described as sites of mRNA
storage (Buchan and Parker, 2009). Given the evidence for the
presence of miRNAs (Liu et al., 2005) and for reversible miRNA

Figure 1. Myf5 and miR-31 Expression in Quies-
cent and Activated Satellite Cells
(A) Immunostaining with antibodies against b-galactosi-

dase (b-gal; red) on a freshly isolated (0 hr) EDL muscle

fiber from aMyf5nlacZ/+ mouse. Right panel shows merged

image with DAPI.

(B) Immunostaining with Pax7 (green, top) and Myf5 (red,

middle) antibodies on a freshly isolated (0 hr) wild-type

EDL fiber.

(C and D) Immunostaining on EDL fibers, after 24 hr of

culture, with Pax7 (green, top left), Myf5 (red, middle), and

MyoD (green, top right) antibodies. Merged images with

DAPI are shown in the bottom panels of (B), (C), and (D).

(E)Western blot analysis ofMyf5 protein levels (normalized

to b-tubulin, b-tub) (top) with quantitative PCR analysis of

Myf5 transcripts (normalized to Actb transcripts) (middle)

and miR-31 levels (normalized to U6 snRNA) (bottom) in

satellite cells directly isolated (day 0) from adult Pax3GFP/+

(wt), adult Pax3GFP/+; mdx:mdx (mdx), or postnatal day 7

(P7) Pax3GFP/+mice. Error bars represent standard error of

the mean (SEM) of three replicate experiments.

(F–I) Sections of adult Tibialis anterior (TA) muscle showing

miR-31 (F; purple) detected by ISH in a satellite cell

(arrows) marked by DAPI or by ISH with a scrambled

oligonucleotide probe (G; scramble, purple). Scale bars

represent 20 mm. Combined detection of proteins by

immunostaining of TA sections with antibodies to Pax7

and laminin (left), with miRNA ISH (middle) for miR-31

(H; purple, arrowheads), or a scrambled probe (I). Merged

images are shown in the right panels. Satellite cells,
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repression of mRNA in such granules (Bhatta-
charyya et al., 2006), we investigated whether
Myf5mRNA is sequestered with miR-31 during
quiescence.

We used antibodies on single fiber prepara-
tions to detect components of mRNP granules
(Kedersha and Anderson, 2007), for which
the transcripts are upregulated in quiescent
satellite cells. These include Tia1, a general
repressor of translation (Buchan and Parker,
2009), and p54/RCK (Ddx6), which has, in addi-
tion, been identified as a direct binding partner
of Argonaute2 that functions in miRNA-medi-
ated translational repression (Chu and Rana,

2006). The Saccharomyces cerevisiae homolog of p54/RCK,
Dhh1, is a component of large mRNA storage granules in
quiescent or stationary phase yeast. When growth resumes,
mRNA is released from these granules and re-enters translation
(Brengues et al., 2005). Both Tia1 and p54/RCK are found in
punctate foci corresponding to mRNP granules in the cytoplasm
of quiescent satellite cells (Figures 2A and 2B), whereas foci are
absent from activated satellite cells after fiber culture (Figures 2D
and 2E). The mRNP granules observed are distinct from stress
granules, characterized by the presence of HuR (Kedersha and
Anderson, 2007; Buchan and Parker, 2009), which remains
nuclear in quiescent and activated satellite cells after 24 hr of
culture (Figures 2C and 2F). GW182, which interacts directly
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Figure S1, related to Figures 4A and 5A. Representative images of myogenic 

regulatory factors (MFRs) expression obtained by HCS for C2C12 cells (scale bar: 100 

µm). Non-merged and merged images with Hoechst are presented for (A) Pax7, (B) 

Myf5, (C) MyoD and (D) myogenin at proliferated stage. Images for the commitment 

stage are presented for (E) MyoD and (F) myogenin. Examples for nuclear and 

cytoplasm localization of the MFRs are indicated by arrows and arrow-heads 

respectively, for the untreated cells (control). 


