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Temporal regulation of gene expression is a hallmark of cellular differentiation pathways, yet the mechanisms
controlling the timing of expression for different classes of differentiation-specific genes are not well understood. We
previously demonstrated that the class II arginine methyltransferase Prmt5 was required for skeletal muscle
differentiation at the early stages of myogenesis (C. S. Dacwag, Y. Ohkawa, S. Pal, S. Sif, and A. N. Imbalzano, Mol.
Cell. Biol. 27:384–394, 2007). Specifically, when Prmt5 levels were reduced, the ATP-dependent SWI/SNF chroma-
tin-remodeling enzymes could not interact with or remodel the promoter of myogenin, an essential early gene. Here
we investigated the requirement for Prmt5 and the class I arginine methyltransferase Carm1/Prmt4 in the temporal
control of myogenesis. Both arginine methyltransferases could bind to and modify histones at late-gene regulatory
sequences. However, the two enzymes showed sequential requirements for gene expression. Prmt5 was required for
early-gene expression but dispensable for late-gene expression. Carm1/Prmt4 was required for late- but not for
early-gene expression. The reason for the requirement for Carm1/Prmt4 at late genes was to facilitate SWI/SNF
chromatin-remodeling enzyme interaction and remodeling at late-gene loci. Thus, distinct arginine methyltrans-
ferases are employed at different times of skeletal muscle differentiation for the purpose of facilitating ATP-
dependent chromatin-remodeling enzyme interaction and function at myogenic genes.

Skeletal muscle differentiation involves cooperation be-
tween myogenic basic helix-loop-helix transcription factors
(MyoD, Myf5, myogenin, Mrf4), ubiquitous E proteins, myo-
cyte-enhancer factor 2 proteins, histone-modifying enzymes,
and ATP-dependent chromatin-remodeling enzymes. The in-
volvement and requirement for individual chromatin-modify-
ing and -remodeling enzymes during skeletal muscle differen-
tiation has been intensely investigated in recent years.
However, the interdependence of different enzymes affecting
chromatin structure during myogenesis has not received as
much attention. In addition, regulation of myogenic gene ex-
pression is further complicated by the temporal regulation that
exists and separates myogenic genes into different classes
based on when they are activated relative to the onset of
differentiation. Whether chromatin-altering enzymes specifi-
cally and differentially contribute to aspects of temporal regu-
lation is largely unexplored.

We and others have previously demonstrated that SWI/SNF
chromatin-remodeling enzymes containing the Brg1 ATPase
are directly required for the induction of myogenesis because
they remodel chromatin structure at the regulatory regions of
both early and late myogenic genes (13, 14, 30, 40). Numerous
histone-modifying enzymes have also been implicated in the
regulation of myogenic genes, including acetyltransferases,

deacetylases, lysine methyltransferases, and arginine methyl-
transferases (reviewed in references 15, 38, and 41). Of par-
ticular interest to us are the arginine methyltransferases. Type
I arginine methyltransferases generate asymmetric dimethyl
arginines on substrate proteins, while type II arginine methyl-
transferases catalyze the formation of symmetric dimethyl ar-
ginines (reviewed in references 1, 2, and 43). Both Prmt5, a
type II arginine methyltransferase, and Carm1/Prmt4, a type I
methyltransferase, have been shown to act as coregulators for
numerous gene activation and repression events (reviewed in
references 2, 32, and 43), and both have been independently
purified in large protein complexes containing Brg1 (33, 34,
45). The connections between Prmt5 and Brg1 led us to inves-
tigate possible cooperativity between these different types of
chromatin-altering enzymes in cell differentiation systems
shown to be Brg1 dependent.

Our previous work demonstrated that the class II arginine
methyltransferase Prmt5 was required for myogenesis (10).
Prmt5 associated with the myogenin promoter and locally di-
methylated H3R8. Knockdown of Prmt5 protein levels re-
sulted in a reduction of dimethylation of H3R8 at the myoge-
nin promoter and, importantly, a nearly total loss of Brg1
binding, which prevented chromatin remodeling of the pro-
moter. All subsequent transcription factor binding events and
the initiation of myogenin expression were inhibited. Thus, the
arginine methyltransferase was required for the function of the
ATP-dependent chromatin-remodeling enzyme.

To further probe the relationships between different classes
of chromatin-altering enzymes and to explore potential differ-
ences between the regulation of myogenin, encoded by a myo-
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genic early gene, and the regulation of genes expressed later in
the differentiation process, we investigated the requirement for
Prmt5 in the expression of myogenic late genes and also ex-
amined the involvement of Carm1/Prmt4, which had previously
been linked to myogenesis via regulation of myogenin expres-
sion (7). Our data demonstrate that both Prmt5 and Carm1/
Prmt4 are associated with regulatory elements of representa-
tive late myogenic genes in vivo and in culture. We also found
a concomitant enrichment in dimethylation of H3R8 and
H3R17, substrates for Prmt5 and Carm1/Prmt4, respectively,
at these loci. Despite the presence of Prmt5 at late-gene pro-
moters, it is dispensable for transcriptional activation of late
myogenic genes. In contrast, Carm1/Prmt4 was absolutely re-
quired for activation of late myogenic targets. In the absence of
Carm1/Prmt4, Brg1 association with these promoter elements
was lost, as were changes in nuclease accessibility that are
concurrent with gene activation. These data support the asser-
tion that a preferential requirement exists for Carm1/Prmt4
during the later stages of myogenic differentiation while Prmt5
governs the activation of early myogenic targets. The results
indicate a differential requirement for two distinct protein ar-
ginine methyltransferases during the different stages of myo-
genic differentiation to facilitate loading and function of an
ATP-dependent chromatin-remodeling enzyme. This relation-
ship between the different classes of enzymes may represent a
paradigm for cooperation between Prmts and ATP-dependent
remodeling enzymes.

MATERIALS AND METHODS

Cell culture. NIH 3T3 cells, Prmt5 antisense construct-expressing cell lines
(33), and immortalized mouse embryo fibroblasts (MEFs) from wild-type (WT)
or knockout (KO) Carm1 embryos (42, 47) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% calf serum. Prmt5 antisense
cell lines were maintained in 2.5 �g/ml puromycin. Cells were grown to �50%
confluence and then transdifferentiated into the skeletal muscle lineage by ec-
topic expression of MyoD or myogenin in combination with Mef2D1b, using the
pBABE retroviral vector system (27, 28), as previously described (13, 16, 30, 37).
The viral inoculum was applied to the subconfluent cells for 24 h, during which
time the cells became confluent. Cells were then differentiated using DMEM
supplemented with 2% horse serum and 10 �g/ml insulin. Mock-infected cells
were also treated with DMEM and 2% horse serum, and all samples were
maintained in the differentiation medium for up to 24 h. Samples were harvested
at indicated times for RNA, protein, and chromatin immunoprecipitation (ChIP)
analysis.

RNA isolation and reverse transcriptase PCR. RNA was isolated using Trizol
(Invitrogen) according to the manufacturer’s instructions. Reverse transcriptase
reactions performed to generate cDNA used 1 �g of RNA as previously de-
scribed (10, 14, 30). Amplification of transcripts was quantified by quantitative
PCR (Q-PCR) using the Opticon Engine (MJ Research) and primers previously
described (10, 14, 30).

ChIP. ChIP was performed and quantified as described previously using prim-
ers that were also previously described (10, 14, 30, 31). Primers spanning the
desmin and muscle creatine kinase (MCK) promoters and enhancers were used,
with no significant differences in binding to enhancer or promoter sequences
observed. The immunoprecipitation step utilized rabbit polyclonal antisera
raised against Brg1 (12), dimethylated H3R8, and Prmt5 (33, 34) and commercial
antibodies raised against Prmt5 (611539 [Becton Dickinson]), Carm1/Prmt4
(A300-421A [Bethyl Labs]; 07-080 [Upstate]), and dimethylated H3R17 (07-214
[Upstate]). As an additional negative control, every sample was analyzed for the
presence of the immunoglobulin H (IgH) enhancer sequences; no specific en-
richment of IgH sequences was ever observed. Sequential ChIP (re-ChIP) anal-
ysis was performed as previously described (26) with antibodies against Prmt5,
MyoD (12), and myogenin (sc576 [Santa Cruz]).

Western analysis. Samples were harvested at various time points by scraping
into 1 ml of phosphate-buffered saline (PBS) followed by brief centrifugation to
obtain a cell pellet. Carm1 Western analysis was performed by using cell lysates

from immortalized MEFs using the ReliaBlot protocol (Bethyl Labs), while all
other cell pellets were resuspended in NP-40 lysis buffer (50 mM Tris-HCl [pH
7.5], 150 mM NaCl, 0.5% NP-40, 20% glycerol, 1 mM dithiothreitol), with freshly
added protease inhibitors (1 �g/ml of pepstatin A, 4 �g/ml of leupeptin, 1 mM
phenylmethylsulfonyl fluoride [PMSF]), and lysed by brief sonication.

Following centrifugation at 10,000 � g for 10 min, cell debris was discarded,
and lysate concentrations were quantified by spectrophotometry. Fifty micro-
grams of protein was loaded and electrophoresed on a sodium dodecyl sulfate
(SDS) gel and then transferred overnight onto nitrocellulose membranes. Mem-
branes were blocked for 1 h in 5% milk in 1� TBST (Tris-buffered saline plus
Tween) and incubated in primary antibody diluted in 5% milk in 1� TBST
overnight. Antibodies used included Brg1 antisera (12), Prmt5 antisera (34),
Carm1 (Bethyl Labs), and PI3K (Upstate). Membranes were then washed three
times for 5 min each time in 1� TBST, incubated in secondary antibody diluted
in 5% milk in 1� TBST, washed three times for 5 min each time, and visualized
by enhanced chemiluminescence (Amersham).

Tissue isolation and nucleus preparation. Isolation of nuclei from liver and
myofibers was performed as described previously (10, 31). Briefly, skeletal mus-
cle tissue from the hind limbs of 4- to 6-week-old BL6 mice was dissected and
minced on ice into 1-mm3 pieces. Minced samples were pooled and digested with
110 U of collagenase supplemented with 1 mM CaCl2 in PBS at 37°C for 1 h with
agitation. Separation of satellite cells and myotubes was achieved by use of a
70-�m-pore-size filter (Becton Dickinson). Separated populations of cells were
resuspended in lysis buffer (10 mM HEPES-KOH [pH 7.3], 10 mM KCl, 5 mM
MgCl2, 0.5 mM dithiothreitol, 0.2 mM PMSF, 3 �g/ml cytochalasin B, 10 �g/ml
leupeptin) and nuclei were released by homogenization followed by Dounce
homogenization. Integrity of nuclei was ascertained by light microscopy. This
nucleus mixture was overlaid onto a sucrose gradient and centrifuged as previ-
ously described (10, 30, 31). Following centrifugation, nuclei were cross-linked
for ChIP and snap-frozen using liquid nitrogen. All samples were then stored at
�80°C until use.

REAA. A restriction enzyme accessibility assay (REAA) was performed as
described previously (14, 30). Briefly, nuclei were released from cells by Dounce
homogenization, and DNA was quantified by spectrophotometry. One hundred
micrograms of DNA was subjected to limited digestion with PvuII for 1 h at 37°C.
Following digestion, DNA was ligated to a linker previously described (14, 30).
Ligation-mediated PCR was used to quantify the amount of nuclease-accessible
DNA using primers corresponding to linker DNA and specific gene loci as
previously described (14, 30). Results were normalized to input genomic DNA
using Q-PCR.

Plasmid construction. pCDNA3.1-MyoD was constructed by isolating the
EcoRI fragment encoding the MyoD cDNA from pEMSV-MyoD (11) and clon-
ing it into EcoRI-digested pCDNA3.1 (Invitrogen).

GST pull-down experiments. Competent BL21 Escherichia coli was trans-
formed with pGEX-2TK, pGEX-Prmt5 (34), and pGEX-Carm1 (6). Cells
were grown to an optical density of 0.8 and induced with 1.5 mM IPTG
(isopropyl-�-D-thiogalactopyranoside; Invitrogen catalog no. 15529019) for
6 h at 37°C. Cells were pelleted and resuspended in STE buffer (20 mM Tris
[pH 7.6], 5 mM MgC12, 100 mM NaCl, 1 mM EDTA) containing 4 mg/ml
lysozyme and incubated on ice for 15 min. Then, 5 mM dithiothreitol, 0.5 mM
PMSF, and 1% (wt/vol) aprotinin were added sequentially, followed by brief
vortexing. 1.5% Sarkosyl was added to the cells, followed by brief vortexing.
Lysis of bacterial cells was accomplished by sonication and the protein lysate
was centrifuged at 14,500 � g for 15 min at 4°C. The sonicated lysate was
incubated with a slurry of glutathione beads resuspended in PBS for 30 min
at 4°C while rocking. Beads were washed five times for 5 min each time with
STE buffer and resuspended in a 50% slurry. Beads were resuspended in
sample buffer and subjected to SDS-polyacrylamide gel electrophoresis, fol-
lowed by Coomassie staining to quantify immobilized glutathione S-trans-
ferase (GST) or GST fusion proteins.

pCDNA3.1-MyoD, pCS2-myogenin (a kind gift from S. Tapscott), and
pCDNA1.1-MEF2D1b (a kind gift from E. Olson) were incubated with the TNT
quick coupled transcription/translation system (Promega catalog no. 1171, 2081)
to generate [35S]methionine-labeled proteins. In order to preclear, radiolabeled
proteins were resuspended in 500 �l of NETN buffer (20 mM Tris-HCl [pH 8.0],
100 mM NaCl, 1 mM EDTA, 0.01% NP-40) and incubated with 35 �l of
glutathione beads for 45 min at 4°C with rocking. Beads were discarded, and
glutathione-immobilized GST, GST-Prmt5, and GST-Carm1 were then incu-
bated with 35S-radiolabeled full-length MyoD, myogenin, and Mef2D1b for a
minimum of 2 h at 4°C with rocking. Beads were washed five times for 5 min each
time with NETN buffer, resuspended in sample buffer, boiled, and subjected to
SDS-polyacrylamide gel electrophoresis. Gels were dried and were visualized
using a PhosphorImager (Molecular Dynamics).
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RESULTS

Binding of Prmt5 and Carm1 to regulatory regions of late
myogenic genes. Our previous studies showed that the protein
arginine methyltransferase Prmt5 is required to facilitate the
activation of the myogenin gene, an essential gene that is
induced during the early stages of skeletal muscle differentia-
tion (10). In that study, we also showed that genes expressed
later during differentiation were not activated when levels of
Prmt5 were reduced. However, it was unclear if the lack of
late-gene expression was a direct consequence of Prmt5 reduc-
tion or was an indirect consequence of the failure to induce
myogenin, which is required for late-gene activity and terminal
differentiation (20, 29).

If specific arginine methyltransferases function at myogenic
late genes, the enzymes and histones modified by these en-
zymes should be localized at regulatory sequences controlling
late-gene expression. To address physiological relevance, we
first performed ChIPs using primary skeletal muscle tissue. We
isolated hind limb muscle from 4- to 6-week-old BL6 mice and
prepared mature myofibers for ChIP analysis, as we described
previously (10, 31). Liver was isolated as a negative control.
ChIP results were quantified by real-time PCR. The data dem-
onstrated that Prmt5 was bound to the regulatory regions of
the MCK locus in mature myofibers, while no significant asso-
ciation was observed in the control liver tissue (Fig. 1A). This
induction of Prmt5 binding was accompanied by enrichment in
the amount of dimethylated H3R8 at the MCK locus in myo-
fibers, thereby correlating the presence of both Prmt5 and a
histone modification known to result from Prmt5 activity (10,
17, 32, 33).

Previously, the Carm1/Prmt4 enzyme was shown to localize
to the MCK locus in differentiating C2C12 myoblasts, though

the functional significance of this event was not addressed (7).
Similarly, a considerable increase in the amount of Carm1/
Prmt4 binding was seen at the MCK locus in myofibers, which
correlated with an induction of dimethylated H3R17, a known
epigenetic mark resulting from Carm1/Prmt4 activity (39).
These results are the first demonstration that distinct protein
arginine methyltransferases and histone modifications caused
by these enzymes are present at regulatory regions of a late
myogenic gene in terminally differentiated primary muscle
tissue.

MyoD was originally identified as a cDNA that could con-
vert immortalized mouse embryo fibroblast cell lines to the
myogenic lineage (11). We turned to this well-established, ma-
nipulable cell culture system for myogenic differentiation to
determine whether the association of arginine methyltrans-
ferases and specifically modified histones at late myogenic
gene promoters was recapitulated in culture. Confluent,
MyoD-expressing NIH 3T3 mouse embryo fibroblast cells were
exposed to a low-serum differentiation cocktail for various
times, and samples were evaluated by ChIP. Both Prmt5 and
dimethylated H3R8 were already bound to regulatory regions
of both the MCK gene and the desmin gene, which is expressed
as a late gene in this and similar tissue culture systems (3, 30)
at time zero, which is when the differentiation medium was
added to the cultures (Fig. 2A). The presence of Prmt5 and
dimethylated H3R8 was entirely dependent upon MyoD ex-
pression, since these proteins were absent from the loci in
mock-differentiated cells (Fig. 2A). In contrast, Carm1/Prmt4
and dimethylated H3R17 did not show significant binding at
late-gene loci until 8 h postdifferentiation (Fig. 2B), which in
this culture system corresponds to the time when desmin and
MCK gene expression is induced (30). As observed with Prmt5

FIG. 1. Prmt5 and Carm1 both bind to the MCK regulatory sequences in vivo. Skeletal muscle was dissected from the hind limbs of 4- to
6-week-old BL6 mice. Nuclei were isolated from muscle tissues and livers. ChIPs were performed using antibodies recognizing Prmt5, dimethylated
H3R8 (diMeH3R8), Carm1, and diMeH3R17. Specific binding of Prmt5 and Carm1/Prmt4 was seen at gene regulatory regions of MCK in
myofibers but not in liver. Corresponding increases in diMeH3R8 and diMeH3R17 were also observed specifically in myofibers. Values for binding
in liver samples were set at 1. ChIPs with purified IgG generated background signals equivalent to the signals obtained with specific antibodies in
liver samples. Data are averages plus standard deviations for four independent experiments.
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and dimethylated H3R8, binding of Carm1 and dimethylated
H3R17 did not occur in mock-differentiated cells and required
MyoD expression. Once bound, both arginine methyltrans-
ferases and modified histones remained present throughout
the differentiation time course (Fig. 2A and B). Thus, Prmt5
and dimethylated H3R8 binding preceded early- and late-gene
expression, while Carm1/Prmt4 and dimethylated H3R17 bind-
ing correlated with the onset of late-gene expression.

Prmt5 associates with promoter elements of late myogenic
targets but is not required for gene activation. To address the
requirement for Prmt5 in the induction of myogenic late genes,
we utilized NIH 3T3-derived cell lines (c12 and c15) that stably
express an antisense construct to Prmt5 (33). Figure 3A demon-
strates that Prmt5 levels are significantly reduced under both
mock and MyoD-induced differentiation conditions, in agree-
ment with previous results (10). We previously demonstrated that
ectopic expression of myogenin and the muscle-specific isoform
of Mef2d (Mef2D1b) (25) in combination was sufficient to acti-
vate myogenic late genes and to drive myogenesis to completion
in culture without inducing endogenous MyoD expression (30).
Thus, we can utilize ectopic expression of myogenin and
Mef2D1b to address whether Prmt5 and Carm1/Prmt4 are di-
rectly required for late-gene expression, because this method (i)
bypasses the requirement for MyoD to synthesize myogenin and
(ii) provides the muscle-specific Mef2D1b isoform to cooperate
with myogenin in the activation of late-gene loci. We would ex-
pect that if either arginine methyltransferase is indirectly required
for late-gene expression because of a requirement to synthesize
early genes, lack of the arginine methyltransferase would not
impact late-gene expression when myogenin and Mef2D1b are
ectopically expressed. In contrast, if there is a direct requirement
for either arginine methyltransferase during late-gene induction,
simply providing myogenin and Mef2D1b should not be sufficient
to induce late-gene expression. Before experimentally addressing
these issues, we confirmed that the cell lines were still deficient for
Prmt5 when differentiation was induced by myogenin and
Mef2D1b (Fig. 3A).

We first examined whether Prmt5 and dimethylated H3R8
were present on late-gene regulatory sequences in WT and

Prmt5 antisense cell lines differentiated under the different
conditions described above. Induced binding of Prmt5 at the
MCK and desmin promoters was observed in MyoD-differen-
tiated NIH 3T3 cells (Fig. 3B). As expected, Prmt5 antisense
construct-expressing cell lines showed reduced levels of Prmt5
binding (Fig. 3B). Similarly, dimethylation of histone H3R8
was observed at the MCK and desmin promoters in the WT
MyoD-differentiated cells and was significantly reduced in the
MyoD-differentiated, Prmt5 antisense construct-expressing
lines (Fig. 3C). Prmt5 and dimethylated H3R8 association with
late myogenic gene sequences was specific to MyoD-differen-
tiated cells, as no significant binding was seen in mock-differ-
entiated samples or, interestingly, in myogenin-Mef2D1b-dif-
ferentiated cells (Fig. 3B and C). These results support the
assertion that Prmt5 is able to bind late-gene promoter regions
only in the presence of MyoD, which binds to these loci prior
to gene activation (30), and are consistent with previous stud-
ies showing that Prmt5 and MyoD could be coimmunoprecipi-
tated from MyoD-differentiated cell extracts (10).

Analysis of gene expression in these cells was quantified by
real-time PCR. Results for controls are presented in the first
column of Fig. 3D. MyoD was equivalently expressed in each of
the cell lines where it was introduced; as previously reported, no
MyoD was detected in mock- or myogenin-Mef2D1b-differenti-
ated samples (15, 30). Myogenin was equivalently expressed in
lines that were myogenin-Mef2D1b differentiated. We note that
the levels of introduced myogenin differed from the level nor-
mally induced by MyoD no more than twofold; thus, introduced
myogenin was not grossly overexpressed. As previously reported
(10), in MyoD-differentiated cells, myogenin expression was com-
promised in both of the Prmt5 antisense lines. Equivalent levels of
Mef2D1b were present in the myogenin-Mef2D1b-differentiated
cells (Fig. 3D).

We then examined late-gene expression. In WT MyoD-dif-
ferentiated cells, induction of MCK, desmin, and dystrophin
(encoded by another late gene), was observed, while MyoD-
differentiated Prmt5 antisense construct-expressing cells failed
to activate these late myogenic targets (Fig. 3D, right). In cells
differentiated with myogenin-Mef2D1b, all of the cell lines

FIG. 2. Prmt5 and Carm1 bind to and methylate histones at the regulatory regions of late myogenic target genes in cell culture. MyoD-
differentiated NIH 3T3 cells were harvested at different times for ChIP analysis, using antibodies recognizing Prmt5, dimethylated H3R8
(diMeH3R8), Carm1, and diMeH3R17 to analyze the temporal binding of these Prmts and the deposition of their corresponding histone
modifications at late skeletal muscle target genes. The kinetics of binding of Prmt5 and diMeH3R8 (A) and Carm1 and diMeH3R17 (B) at the
regulatory sequences controlling MCK and desmin in mock and MyoD-differentiated cells are shown. All values are relative to the values obtained
for binding in mock-differentiated NIH 3T3 cells, which were set at 1. Data are averages plus standard deviations for four independent experiments.
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FIG. 3. Prmt5 binds to late myogenic target genes but is not required for gene activation. (A) Western blot demonstrating the extent of Prmt5
expression in WT (3T3) and Prmt5 antisense (c12 and c15) cell lines that were mock differentiated or differentiated with MyoD or with myogenin
plus Mef2D1b (Myog/Mef2D1b) for 24 h. Phosphoinositide 3-kinase (PI3K) levels are shown as a control. (B and C) ChIP experiments were
performed using antibodies recognizing Prmt5 and dimethylated H3R8 (diMeH3R8) and were analyzed by Q-PCR. Values are relative to those
obtained for binding in MyoD-differentiated NIH 3T3 cells, which were set at 1. (D) mRNA expression analysis for the indicated genes was
performed by reverse transcriptase PCR and quantified by Q-PCR. Quantification of transcripts was normalized to the total amount of EF1-�
mRNA. Values are relative to the expression values obtained in MyoD-differentiated NIH 3T3 cells, which were set at 1, except for the evaluation
for Mef2D1b expression, where the value obtained for myogenin-Mef2D1b-differentiated cells was set at 1. Data in panels B to D are averages
plus standard deviations for four independent experiments.

VOL. 29, 2009 Prmt5 AND Carm1 SEQUENTIALLY CONTRIBUTE TO MYOGENESIS 1913



were able to induce each of the late genes equivalently (Fig.
3D). These results, coupled with the ChIP data in Fig. 3B and
C, indicate that Prmt5 and dimethylation of H3R8 are not
directly required for the activation of myogenic late genes.
Instead, Prmt5 is required for the activation of myogenin (10)
(Fig. 3D) and thus is indirectly required for late-gene expres-
sion.

Carm1/Prmt4 associates with gene regulatory sequences of
late myogenic targets and is required for transcriptional acti-
vation at these loci. Since Prmt5 is not directly required for the
activation of late myogenic targets, this prompted us to exam-
ine if Carm1/Prmt4, the other arginine methyltransferase phys-
ically present on myogenic late-gene regulatory sequences,
could be coactivating late myogenic genes. To address the
requirement for Carm1/Prmt4 in late-gene expression, we uti-
lized immortalized MEFs derived from WT or Carm1/Prmt4-
deficient mice (47). As expected, the cells were deficient for
Carm1/Prmt4 under mock-, MyoD-, and myogenin-Mef2D1b-
induced differentiation conditions (Fig. 4A).

ChIP experiments were performed in mock-, MyoD-, or

myogenin-Mef2D1b-differentiated WT and Carm1/Prmt4 KO
immortalized MEFs. Carm1/Prmt4 binding to the MCK and
desmin promoters was observed in MyoD-differentiated as well
as in myogenin-Mef2D-differentiated WT MEFs (Fig. 4B). A
concomitant enrichment in the amount of dimethylated
H3R17 was observed at both promoters (Fig. 4C). As ex-
pected, no detectable Carm1/Prmt4 binding or enrichment in
dimethylated H3R17 was observed in the mock-differentiated
cells (Fig. 4B and C). In the KO MEFs, neither Carm1/Prmt4
nor dimethylated H3R17 was present, demonstrating that di-
methylation of H3R17 at these loci is due to Carm1/Prmt4
(Fig. 4B and C). These findings demonstrate that Carm1/Prmt4
is able to directly bind late muscle promoter regions regardless
of how gene activation is achieved; expression of either MyoD
or myogenin-Mef2D1b is sufficient to promote binding and
histone modification.

The binding of Carm1/Prmt4 to late-gene regulatory se-
quences at 8 h postdifferentiation (Fig. 2) corresponds to the
timing of binding of myogenin and Mef2 at these promoters, as
well as the interaction of the Brg1 ATPase of SWI/SNF chro-

FIG. 4. Carm1/Prmt4 and dimethylated H3R17 (diMeH3R17) bind to late myogenic gene regulatory regions. (A) Western blot showing
Carm1/Prmt4 protein levels in immortalized WT or Carm1/Prmt4 KO MEFs that were mock differentiated or differentiated with MyoD or with
myogenin plus Mef2D1b (Myog/Mef2D1b) for 24 h. Phosphoinositide 3-kinase (PI3K) levels are shown as a control. (B and C) ChIP experiments
were performed using antibodies recognizing Carm1/Prmt4 and diMeH3R17 and were analyzed by Q-PCR. Values are relative to those obtained
for binding in mock-differentiated WT MEFs, which were set at 1. (D) Re-ChIP experiments were performed and quantified by Q-PCR. Material
immunoprecipitated with Carm1/Prmt4 antibodies was subsequently immunoprecipitated with either a MyoD or a myogenin antibody. Data are
averages plus standard deviations for five (B and C) or four (D) independent experiments.
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matin-remodeling enzymes and concomitant increases in nu-
clease accessibility (30). The simultaneous occurrence of these
events suggests that Carm1/Prmt4 serves as a coactivator of
myogenin and Mef2D1b. We therefore performed re-ChIP
analysis to determine whether myogenin and Carm1/Prmt4
were present together at late-gene regulatory sequences. We
immunoprecipitated Carm1/Prmt4 from cross-linked chroma-
tin isolated from MyoD-expressing cells before or after differ-
entiation was induced and subsequently immunoprecipitated
the Carm1/Prmt4-associated chromatin with antibodies against
either myogenin or MyoD. The results demonstrate that
Carm1/Prmt4 and myogenin were colocalized on both MCK
and desmin regulatory sequences in differentiated but not un-
differentiated cells (Fig. 4D). No colocalization of Carm1/
Prmt4 with MyoD was observed (Fig. 4D), in agreement with
previous observations that MyoD binding to late-gene regula-
tory sequences diminishes at the onset of late-gene expression
(30). The data support the idea that Carm1/Prmt4 is simulta-
neously present with myogenin at myogenic late-gene loci.

Gene expression analysis was then performed by real-time
PCR to assess the functional significance of Carm1/Prmt4
binding. MyoD was induced and equivalently expressed in
MyoD-differentiated WT and KO MEFs but was not detect-
able in mock- or myogenin-Mef2D1b-differentiated samples
(Fig. 5). Myogenin and Mef2D1b were equivalently expressed

in myogenin-Mef2D1b-differentiated samples, and the levels of
introduced myogenin were roughly equivalent to the levels
normally induced by MyoD (Fig. 5). Interestingly, in MyoD-
differentiated samples, myogenin expression was robust and was
not compromised in KO MEFs (Fig. 5), indicating that Carm1
was not required for the activation of the myogenin gene.

When late-gene activation was examined, MCK, desmin,
and dystrophin gene expression was induced in MyoD and
myogenin-Mef2D1b-differentiated WT MEFs, but not in
mock-differentiated WT MEFs (Fig. 5). In contrast, induction
of late myogenic genes was severely compromised in KO
MEFs, regardless of whether the cells were differentiated with
MyoD or with myogenin-Mef2D1b (Fig. 5). The lack of late-
gene expression in myogenin-Mef2D1b-differentiated cells
means that there is a direct requirement for Carm1/Prmt4
during late-gene induction, because even when the myogenin
and Mef2D1b regulators were provided to the cell, the lack of
Carm1/Prmt4 prevented late-gene expression. In combination
with the analysis of myogenin expression in MyoD-differenti-
ated cells (Fig. 4D), the data indicate that Carm1/Prmt4 is
required for late-gene expression but not for expression of the
early myogenin gene.

Carm1/Prmt4 binding to myogenic late-gene regulatory se-
quences is independent of Prmt5. The data indicate that
Carm1/Prmt4 is required for the induction of late myogenic

FIG. 5. Carm1/Prmt4 is required for myogenic late-gene expression. mRNA expression analysis of the indicated genes by Q-PCR in immor-
talized WT or Carm1/Prmt4 KO MEFs that were mock differentiated or differentiated with MyoD or with myogenin plus Mef2D1b (Myog/
Mef2D1b) for 24 h. Transcript levels were normalized to the total amount of EF1-� mRNA. Values are relative to the expression values obtained
in MyoD-differentiated WT MEFs, which were set at 1, except for the evaluation for Mef2D1b expression, where the value obtained for
myogenin-Mef2D1b-differentiated WT cells was set at 1. Data are averages plus standard deviations for five independent experiments.
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gene expression whereas Prmt5 is not. This suggests that
Carm1/Prmt4 binding should be independent of Prmt5 func-
tion. To address this question, we examined Carm1/Prmt4
binding in the Prmt5-deficient cell lines using ChIP. The data
in Fig. 6A demonstrate that Carm1/Prmt4 bound equivalently
well in the presence and absence of Prmt5, whether differen-
tiation was induced by MyoD or by myogenin-Mef2D1b. Al-
though Prmt5 binding to late myogenic regulatory sequences
precedes Carm1/Prmt4 binding, we also performed the con-
verse experiment to determine whether Prmt5 binding re-
quired Carm1/Prmt4. Such an experiment would exclude the
possibility that Prmt5 binding was dependent upon a Carm1/
Prmt4 function that did not involve its ability to bind to myo-
genic late-gene sequences. Examination of Prmt5 binding in
MyoD-differentiated WT and Carm1/Prmt4-null MEF lines
showed that Prmt5 binding did not require Carm1/Prmt4 (Fig.
6B). Consistent with the data presented in Fig. 3B, Prmt5 did
not bind to myogenic late-gene regulatory sequences when
differentiation was induced by myogenin-Mef2D1b, due to the
absence of MyoD (Fig. 6B). Thus, the binding of each of the
two distinct Prmts to myogenic late-gene loci is independent of
the other.

In vitro interactions between myogenic regulatory factors
and Prmt5 and Carm1/Prmt4. We utilized GST fusions with
Prmt5 and with Carm1/Prmt4 to investigate whether each Prmt
was capable of directly interacting with the myogenic regula-
tors implicated in controlling early and late myogenic gene
expression. GST-Prmt5, GST-Carm1/Prmt4, and GST were
expressed in and purified from bacteria (Fig. 7C) and incu-
bated with 35S-labeled, in vitro-translated (IVT) MyoD, myo-
genin, or Mef2D1b. GST alone did not interact with any of the
tested myogenic regulators (Fig. 7A and B). GST-Carm1/

Prmt4 interacted with both IVT myogenin and IVT Mef2D1b
but only weakly interacted with IVT MyoD (Fig. 7A). These
results are consistent with the re-ChIP data presented in Fig.
4D indicating that Carm1/Prmt4 and myogenin co-occupy
myogenic late-gene regulatory sequences and with the func-
tional data presented in Fig. 5 showing that Carm1/Prmt4 was
required for myogenin and Mef2D1b to activate myogenic
late-gene expression. The weak interaction with IVT MyoD is
consistent with the observation that Carm1/Prmt4 was not re-
quired for activation of the myogenin gene at early times (Fig.
5), which is a MyoD-dependent event.

In contrast, GST-Prmt5 interacted with IVT MyoD, myoge-
nin, and Mef2D1b (Fig. 7B). The interaction between Prmt5
and MyoD is consistent with physical and functional data that
demonstrated a requirement for Prmt5 in MyoD-mediated
activation of the myogenin gene during myogenesis (10). It is
also consistent with the observation that Prmt5 is present on
myogenic late-gene regulatory sequences at early times of dif-
ferentiation prior to the expression of the late genes (Fig. 2A),
a time when MyoD and HDAC2 are also present (30). Al-
though interactions of Prmt5 with myogenin and Mef2D1b
were observed in vitro, differentiation mediated by myogenin-
Mef2D expression did not involve recruitment of Prmt5 to the
late-gene loci (Fig. 3B). This suggests that one or more of the
proteins may be modified in vivo, or that the interactions that
were revealed in vitro are occluded in the context of the factor
binding at myogenic regulatory sequences in differentiating
cells.

Carm1/Prmt4 binding at myogenic late-gene regulatory se-
quences permits binding of the Brg1 ATPase of SWI/SNF
chromatin-remodeling enzymes and subsequent chromatin re-
modeling. Our earlier work established that transcriptional

FIG. 6. Binding of Carm1/Prmt4 at the regulatory regions of late myogenic targets is not dependent on Prmt5, while binding of Prmt5 to these
sequences does not require Carm1/Prmt4. (A) NIH 3T3 cells or c12 and c15 cells, which express antisense constructs against Prmt5, were mock
differentiated or differentiated with MyoD or with myogenin plus Mef2D1b (Myog/D1b) for 24 h and were used for ChIP analysis using an antibody
recognizing Carm1. (B) Immortalized MEFs derived from Carm1 WT or KO mice were mock differentiated or differentiated with MyoD or with
myogenin plus Mef2D1b for 24 h and used for ChIP analysis using an antibody recognizing Prmt5. Values are relative to those obtained for binding
in mock-differentiated cells, which were set at 1. Data are averages plus standard deviations for three independent experiments.
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activation of late myogenic genes requires the SWI/SNF chro-
matin-remodeling enzymes and, in particular, the activity of
the Brg1 ATPase subunit (30). The ChIP assay results pre-
sented above revealed that Carm1/Prmt4 binds to the regula-
tory elements of late myogenic genes and is responsible for
dimethylating H3R17, while gene expression analysis indicated
that Carm1/Prmt4 was required for late-gene expression. To
probe the mechanism of the requirement for Carm1/Prmt4, we
determined whether the loss of Carm1/Prmt4 affected Brg1
binding and function at late muscle genes. We observed that in
both MyoD- and myogenin-Mef2D1b-differentiated Carm1/
Prmt4 KO cells, the binding of Brg1 at the regulatory se-
quences of late myogenic targets was severely diminished (Fig.
8A). This reduction in Brg1 binding was not due to a reduction
in the levels of Brg1 protein, as shown by Western blotting
(Fig. 8B). Thus, Carm1/Prmt4 is responsible for facilitating
Brg1 binding. The association of an ATP-dependent chroma-
tin-remodeling enzyme with a regulatory sequence implies a
localized chromatin structural change. To document any struc-
tural changes in chromatin at these loci in Carm1/Prmt4 WT
and KO MEFs, an REAA was performed. Upon initiation of
differentiation with MyoD or myogenin-Mef2D1b, but not in
mock-differentiated cells, there was an induction of restriction
enzyme accessibility at PvuII sites present in the MCK and
desmin promoter regulatory regions in the WT MEFs (Fig.

8C). We previously demonstrated that these changes in chro-
matin accessibility were Brg1 dependent (30). However, in
Carm1/Prmt4 KO MEFs, no increase in accessibility was ob-
served (Fig. 8B), and the promoter chromatin structure at
these loci remained in a more inaccessible state. These results
demonstrate that the Carm1/Prmt4 methyltransferase is re-
quired for myogenic late-gene expression because it facilitates
binding of the Brg1 ATP-dependent chromatin-remodeling en-
zyme and subsequent chromatin remodeling at these regula-
tory sequences. Therefore, the histone-modifying enzyme is
required for the activity of the ATP-dependent chromatin-
remodeling enzyme. In conjunction with our earlier study, the
results indicate a common molecular explanation for why dif-
ferent arginine methyltransferases are required for transcrip-
tional activation at different stages of the skeletal muscle dif-
ferentiation process.

DISCUSSION

Shared function by different Prmts at different stages of
myogenesis. Since both Prmt5 and Carm1/Prmt4 had been
implicated in myogenesis (7, 10), we sought to determine
whether these different arginine methyltransferases might co-
operate in the activation of specific myogenic loci. Although we
demonstrated that both enzymes were physically located at
regulatory sequences controlling the expression of myogenic
late genes and that both enzymes modified histones at these
loci, we also demonstrated that only Carm1/Prmt4 was neces-
sary for late-gene activation. Thus, while the contribution
made by Prmt5 at myogenic late-gene loci remains to be de-
fined, it is clearly not a direct requirement for late-gene ex-
pression.

We also noted that the absence of Carm1/Prmt4 had no
impact on the ability of MyoD to induce the expression of
myogenin (Fig. 5), which contrasts the previous results ob-
tained by studying differentiation under conditions where
Prmt5 levels were reduced (10). It remains possible that Carm1
might contribute to activation at earlier time points when myo-
genin expression is first initiated. However, if true, this hypo-
thetical contribution of Carm1 is overcome at later stages
during differentiation. Thus, even though late-gene expression
was dependent upon Carm1/Prmt4, expression of the early
myogenin gene was not. Instead of cooperativity at specific
loci, what we observed was a sequential requirement for Prmt5
and Carm1/Prmt4 that correlated with the temporal class of
gene being activated. To be specific, Prmt5 was required to
facilitate activation of the early myogenin gene, whereas
Carm1 was required for late myogenic gene induction.

Our results contradict a conclusion of an earlier study where
antisense constructs were used to reduce the levels of Carm1/
Prmt4 (7). Those investigators observed that reduction of
Carm1/Prmt4 inhibited differentiation but attributed the effect
to a decrease in the induction of myogenin. The reasons for the
discrepancy between this report and our data are undeter-
mined; our results clearly show that myogenin is robustly in-
duced in the absence of Carm1/Prmt4 (Fig. 5).

Having defined a series of protein-DNA interactions that
occur at late-gene regulatory sequences (30), we sought to
determine which of these events might be compromised by the
absence of Carm1/Prmt4 as a means to explain the lack of

FIG. 7. In vitro interactions exist between Prmt5 and Carm1/Prmt4
and muscle regulatory factors. GST, GST-Prmt5, and GST-Carm1/
Prmt4 were expressed and purified from BL21 cells by binding to
glutathione beads. (A) Bead-bound GST and GST-Prmt5 were incu-
bated with IVT, full-length, 35S-radiolabeled MyoD, myogenin, or
Mef2D1b to determine if interactions between these factors exist.
Following extensive washing, pelleted beads and any bound proteins
were electrophoresed on an SDS-polyacrylamide gel, and the gels were
dried and exposed to film. (B) The same experiment was repeated with
GST and GST-Carm1/Prmt4. (C) Purified GST and GST fusion pro-
teins were resolved on SDS-polyacrylamide gels and visualized by
Coomassie staining.
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late-gene expression observed in the absence of Carm1/Prmt4.
The results showed that interaction of Brg1, the ATPase of
SWI/SNF chromatin-remodeling enzymes previously demon-
strated to be required for myogenesis, was compromised at
late-gene regulatory sequences (Fig. 6A). The functional con-
sequence of this loss was then demonstrated by the lack of
chromatin remodeling at these loci (Fig. 6C). We therefore
conclude that Carm1/Prmt4 is required to promote Brg1 bind-
ing and chromatin remodeling at late myogenic genes.

On a more general scale, the results indicate that an arginine
methyltransferase is required for an ATP-dependent chroma-
tin-remodeling enzyme to function. Our prior demonstration
that Prmt5 facilitates Brg1 and SWI/SNF enzyme function at
the myogenin promoter during gene activation (10) is extended
by the observation that Carm1 is required at late myogenic
gene regulatory regions for the same reason, suggesting that
this may be a general mechanism. Combined, these studies
indicate that Prmt5 and Carm1/Prmt4, two distinct arginine
methyltransferases, promote the same step of gene activation,
which is the recruitment of the SWI/SNF ATP-dependent
chromatin-remodeling enzyme. Prmt5 and Carm1/Prmt4 are
not known to methylate the same sites on histones; Prmt5
dimethylates H3R8 and H4R3 (32, 33), while Carm1/Prmt4
dimethylates H3R17 and H3R26 (39), however, both enzymes
are capable of modifying nonhistone substrates as well (9, 18,
21–23, 44). Importantly, Prmt5 and Carm1/Prmt4 can methyl-
ate the same nonhistone substrates, including CA150, SmB,
PABP1, U1C, and SF3b4 (8), although it is still not clear
whether the same arginine residues are methylated in these
common substrates (8). The exact mechanism by which Prmt5
and Carm1/Prmt4 promote Brg1 interaction at different gene
regulatory sequences during myogenesis remains to be deter-
mined, but one attractive hypothesis is that the dimethylation

of different histone residues makes the chromatin a better
substrate for the ATP-dependent remodeling enzyme.

Another question that remains unanswered is why different
arginine methyltransferases would be required at different
times of myogenesis to facilitate the same step in the activation
process. One possible explanation is that the combination of
activators and cofactors present at early and late myogenic
gene regulatory sequences are different (discussed further be-
low) and that the specific arginine methylations mediated by
each enzyme are specific for promoting gene activation by the
different sets of regulatory proteins in ways that remain to be
defined. An additional possibility is that the arginine methyl-
transferases modify different transcriptional regulatory pro-
teins in addition to modifying histone tails. Finally, it must be
noted that despite the presence of Carm1/Prmt4 and dimeth-
ylated H3R17 at late-gene regulatory sequences both in tissue
culture and in vivo, Carm1/Prmt4-deficient mice, in which the
mutation is perinatal lethal for undetermined reasons, show no
gross defect in skeletal muscle appearance (47). This implies
either that there is a functional defect in one or more muscles
that contribute to breathing or feeding or that there are un-
defined redundant mechanisms in vivo to compensate for the
deficiency of Carm1/Prmt4. Given the widespread redundan-
cies between MyoD, Myf5, and Mrf4 during development (re-
viewed in references 5 and 35), additional redundant mecha-
nisms to ensure skeletal muscle formation and function are
possible.

Mechanisms relating to Prmt5 and Carm1/Prmt4 function.
We previously determined that Prmt5 functions directly in the
induction of the myogenin gene (10). It is well established that
MyoD is critical in the activation of the myogenin promoter
(reviewed in references 5, 19, 38, and 41); demonstration by
re-ChIP analysis that MyoD and Prmt5 are colocalized to myo-

FIG. 8. Carm1/Prmt4 is required to facilitate the binding and function of the chromatin-remodeling enzyme Brg1. Immortalized MEFs derived
from Carm1 WT and KO mice were mock differentiated or differentiated with MyoD or with myogenin plus Mef2D1b (Myog/Mef2D1b) for 24 h
and were used for ChIP analysis using an antibody recognizing Brg1 (A), Western blot analysis to examine Brg1 and PI3K protein levels in each
sample (B), or REAA to assess the extent of chromatin accessibility at PvuII restriction sites in the indicated gene regulatory regions (C). Values
(A and C) are relative to the values obtained for binding or accessibility in mock-differentiated WT MEFs, which were set at 1. Data are averages
plus standard deviations for five independent experiments.
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genin promoters in primary cells that are actively transcribing
the myogenin gene supports the idea that Prmt5 acts as a
coactivator for MyoD (10). Additional experiments indicating
that MyoD and Prmt5 can be coimmunoprecipitated from dif-
ferentiated cells further support this conclusion (10). Here we
report that Prmt5 can directly interact with MyoD in an in vitro
interaction assay, providing further mechanistic explanation
for the cooperativity exhibited by these factors. In addition, we
show that Prmt5 is localized to myogenic late-gene regulatory
sequences at the onset of differentiation, prior to the initiation
of late-gene expression. Previous work indicates that MyoD is
also present at late-gene loci before activation (30); it is ac-
companied by a class I HDAC, which has been shown to
maintain MyoD in a transcriptionally inactive state in myoblast
cultures (24, 36). We propose that MyoD targets Prmt5 to gene
regulatory sequences, regardless of whether it is functioning in
an activating or repressing capacity.

In contrast, Carm1/Prmt4 binding to late-gene loci corre-
lates with the time of late-gene activation. In both developing
embryonic skeletal muscle tissue and MyoD-differentiated fi-
broblasts, the time of late-gene activation is marked by coin-
cident binding of myogenin, Mef2, and the SWI/SNF ATPase
Brg1 and by changes in chromatin accessibility (30). The ad-
dition of Carm1/Prmt4 to this complex of regulators that func-

tions at the time of transcription initiation suggests that
Carm1/Prmt4 acts as a coactivator of myogenin and/or Mef2
proteins. Transient-transfection studies imply cooperativity be-
tween Carm1/Prmt4 and Mef2, and Carm1/Prmt4 interacts
with the Mef2C isoform in in vitro interaction assays (7). The
demonstration by re-ChIP analysis that Carm1/Prmt4 is colo-
calized with myogenin, but not MyoD, at late-gene regulatory
sequences (Fig. 4D) also supports this hypothesis. The addi-
tional demonstration that Carm1/Prmt4 can directly interact
with the Mef2D1b isoform and with the myogenin protein in
vitro (Fig. 7A) but only weakly interacts (Fig. 7A) or does not
interact (7) with MyoD in vitro suggests that targeting of
Carm1/Prmt4 occurs via myogenin and/or Mef2 proteins.

Both Prmt5 and Carm1/Prmt4 were shown to coimmuno-
precipitate and copurify with Brg1 (34, 45), and coordinated
activity between Brg1 and Prmt5 (10, 33, 34) and between Brg1
and Carm1/Prmt4 (45) has previously been demonstrated. Col-
lectively, the data presented here and in previous reports (4,
10, 14) support a model (Fig. 9) where MyoD initially binds
indirectly to the myogenin promoter via interaction with Pbx1
and also binds to sites at late myogenic gene regulatory se-
quences, thereby facilitating recruitment of Prmt5 to both
classes of genes. The recruitment of Prmt5 at the myogenin
gene mediates dimethylation of H3R8 and is necessary for the
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FIG. 9. Schematic model illustrating Prmt function at the myogenin and representative late-gene regulatory sequences. Prmt5 mediates
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subsequent recruitment of Brg1-based SWI/SNF chromatin-
remodeling enzymes, leading to chromatin remodeling and
expression of the myogenin gene. Upon accumulation of myo-
genin protein, myogenin and Mef2 proteins bind to cognate
binding sites at late-gene regulatory sequences, displacing
MyoD and the HDAC, as shown previously (30), and recruit-
ing Carm1/Prmt4. Carm1/Prmt4 recruitment mediates di-
methylation of H3R17 and facilitates the recruitment of Brg1-
based SWI/SNF chromatin-remodeling enzymes, leading to
chromatin remodeling and expression of the late myogenic
genes, terminal differentiation, and the formation of mature
skeletal muscle tissue.
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