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SUMMARY

We created a whole-mount in situ hybridization (WISH) database, termed EMBRY'S, containing
expression data of 1520 transcription factors and cofactors expressed in E9.5, E10.5, and E11.5
mouse embryos—a highly dynamic stage of skeletal myogenesis. This approach implicated 43
genes in regulation of embryonic myogenesis, including a transcriptional repressor, the zinc-finger
protein RP58 (also known as Zfp238). Knockout and knockdown approaches confirmed an
essential role for RP58 in skeletal myogenesis. Cell-based high-throughput transfection screening
revealed that RP58 is a direct MyoD target. Microarray analysis identified two inhibitors of
skeletal myogenesis, 1d2 and 1d3, as targets for RP58-mediated repression. Consistently, MyoD-
dependent activation of the myogenic program is impaired in RP58 null fibroblasts and
downregulation of 1d2 and 1d3 rescues MyoD’s ability to promote myogenesis in these cells. Our
combined, multi-system approach reveals a MyoD-activated regulatory loop relying on RP58-
mediated repression of muscle regulatory factor (MRF) inhibitors.

INTRODUCTION

Spatiotemporal expression of transcription factors (TFs) plays a central role in cell
differentiation and organ development during embryogenesis (Burke et al., 1995; Gray et al.,
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2004; Jessell, 2000). Combinatorial activity of TFs positively or negatively regulates
specific gene expression patterns essential for tissue development and cell fate
determination.

Skeletal myogenesis, in which myogenic precursors differentiate into myoblasts and then
form multinucleated myotubes, is an ideal system to understand multistaged transcriptional
regulatory networks functioning during vertebrate development (Arnold and Braun, 1996).
During skeletal myogenesis, distinct subsets of genes are expressed with partially
overlapping kinetics to form a complex network of interdependent pathways (Blais et al.,
2005; Cao et al., 2006; Penn et al., 2004). The muscle-specific basic helix-loop-helix
(bHLH) transcription factors, MyoD, Myf5, Myogenin (Myog), and MRF4, initiate and
perpetuate the myogenic program in collaboration with MEF2. Genetic evidence indicates
that MyoD and/or Myf5 are critical for myogenic cell fate (Braun et al., 1992; Rudnicki et
al., 1992), whereas Myog regulates terminal differentiation (Hasty et al., 1993; Nabeshima
etal., 1993). MRF4 is suggested to act at both early determination and terminal
differentiation stages (Kassar-Duchossoy et al., 2004; Zhang et al., 1995). Muscle bHLH
proteins bind the E-box sequence (CANNTG) on regulatory elements of muscle genes, often
in close proximity with MEF2 binding sites (Puri and Sartorelli, 2000). Heterodimerization
of bHLH proteins with E-proteins (E12/E47) allows productive interaction with the E-box
(Blackwell et al., 1990; Blackwell and Weintraub, 1990; Murre et al., 1989) and is regulated
indirectly by Id proteins, which are HLH transcription factors lacking DNA-binding basic
domains (Benezra et al., 1990). These proteins sequester E-proteins into inactive complexes,
thereby preventing formation of bHLH/E-proteins heterodimers and their DNA-binding and
transcriptional activities. Consistent with a proposed role for Id proteins as inhibitors of
terminal differentiation, Id mMRNASs are detected in proliferating skeletal muscle and are
downregulated in differentiated muscle cultures (Benezra et al., 1990; Chen et al., 1997).

Recent genome-wide approaches using chromatin immunoprecipitation (ChIP) to assess
binding activity of MyoD and Myog to a promoter array reveal a complex mechanism
coordinating expression of distinct subsets of genes by these critical activators during
skeletal myogenesis (Blais et al., 2005; Cao et al., 2006). At an early differentiation stage,
MyoD alone activates direct downstream genes and then maintains activation of the
myogenic program (Blais et al., 2005; Cao et al., 2006). However, how MyoD acts to
repress transcriptional programs, such as those mediated by Id proteins, which would
otherwise inhibit skeletal myogenesis, is not well known.

One postgenomic strategy used to identify molecular networks functioning in tissue
development is microarray analysis of individual cell types or tissues followed by in situ
hybridization to identify temporal and spatial gene expression patterns. A disadvantage of
this approach is that it does not detect gene expression restricted to small areas. In addition,
it is difficult to identify common or specific developmental molecular networks from in situ
hybridization data collected separately by independent researchers.

To obtain comprehensive spatiotemporal profiles of transcription factors during embryonic
development, we created a whole-mount in situ hybridization database, called “EMBRYS”
(http:/fembrys.jp/), for 1520 transcription factors and cofactors, using whole mouse embryos
at midgestational stages (Embryonic Days [E] 9.5, 10.5, and 11.5), during which striking
dynamic changes in pattern formation and organogenesis occur. Using this database, we
annotated gene expression patterns underlying critical developmental events. Specifically,
we identified a gene cluster expressed during limb skeletal myogenesis. Among 43
transcription regulators showing myogenic expression in the limb bud, we identified the
transcriptional repressor RP58 and found that myogenesis was severely perturbed in RP58
null mice, in C2C12 cells expressing RP58 shRNA, and in RP58 null fibroblasts, in which
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myogenesis is induced by ectopic expression of MyoD. We utilized high-throughput, cell-
based transfection assays and found that MyoD promotes RP58 gene expression. DNA
microarray analysis with bioinformatics identified 1d2 and 1d3 as direct RP58 targets.
Overall our combined systems approach identified RP58 as an effector included in MyoD-
activated positive feedback and enabling progression of skeletal myogenesis by repressing
expression of 1d2 and 1d3, inhibitors of myogenesis.

Database Construction

To identify and characterize effectors of the transcriptional network regulating
developmental processes, we developed a web-based comprehensive WISH database for
transcriptional regulators using E9.5, 10.5, and 11.5 mouse embryos (Figure 1). To do so,
we combined published databases (Kanamori et al., 2004; Thomas et al., 2003) to generate a
list of 2911 transcription regulators (see Figure S1 available online). We then prepared from
cDNA libraries 1520 digoxigenin-labeled RNA probes (Table S1). Using WISH results, we
constructed a database, termed “EMBRYS”, covering these 3 embryonic days (Figure 1A
and Tables S1-S3, available at http://fembrys.jp/embrys/html/MainMenu.html).

Annotation of Gene Expression

We annotated expression patterns of each gene in the EMBRY'S database as defined in
Figures 1B-1D and Table S4. In particular, WISH enables analysis of limb development in
three-dimensional axes during embryogenesis and provides highly precise gene expression
information (Kawakami et al., 2003; Mariani and Martin, 2003). Our analysis indicated that
962 genes showed detectable signals in the entire embryo over these 3 days and that 691
were expressed in the limb bud. Information relative to these expression patterns is
summarized in Table S5.

RP58 Is Expressed in Skeletal Muscle Tissues and in C2C12 Cells

Based on EMBRY'S, we identified 43 genes showing myogenesis-related expression patterns
in the limb bud from E9.5-E11.5 (Table 1 and Figure S2). Among them, RP58 was one of
the few genes whose function in skeletal myogenesis has not been previously characterized
(Figure 2A).

RP58 mRNA expression was first detectable at E11.5 in the limb bud in a pattern typical of
myogenesis (Figure 2A) and coincident with upregulation of Myog (Figure 2A). By contrast,
Pax3, a marker of myogenic precursors (Bober et al., 1994; Williams and Ordahl, 1994), is
expressed in the limb bud at E9.5, and Myf5 and MyoD are expressed at E10.5 (Figure 2A).
In Splotch mutant mice (Pax3SP/SP), in which muscle tissues do not form in limb buds
because of defects in migration of myogenic precursors from somites (Daston et al., 1996),
no RP58 signals were observed in limb buds by WISH analysis, confirming myogenic
expression of RP58 (Figure S3). RP58 was also expressed in brain and spinal cord, as
previously reported (Ohtaka-Maruyama et al., 2007; Okado et al., 2009). Collectively, these
data indicate that RP58 is a potential downstream target of muscle lineage and determination
factors.

We used C2C12 muscle cells (Blau et al., 1983; Yaffe and Saxel, 1977) to monitor RP58
expression during muscle differentiation in vitro. RP58 mRNA and protein expression was
upregulated at early stages of C2C12 differentiation (on differentiation day 0 [0d]; Figures
2B and 2C), with an expression pattern overlapping that of Myog and prior to expression of
late muscle markers, such as Ckm (creatine kinase, muscle). These data suggest that RP58 is
an early muscle differentiation gene.
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RP58 Knockdown Results in Differentiation Defects in Skeletal Muscle

We first examined the role of RP58 in myogenesis by generating C2C12 cell lines stably
expressing RP58 shRNA. RP58 knockdown in C2C12 myoblasts (on differentiation day 4
[4d]; Figure 3A) severely impaired their ability to form multinucleated myotubes and to
induce the late-muscle gene Myosin Heavy Chain (MyHC) at differentiation day 4 (4d)
(Figures 3B and 3C).

To determine the role of RP58 during skeletal myogenesis in vivo, we analyzed skeletal
muscle phenotypes in RP58 null mice (Okado et al., 2009). RP58 null mice died
immediately after birth. At E18.5 the size of wild-type and null embryos was equivalent
(data not shown); however, muscle differentiation of RP58 null mice was severely disrupted,
as revealed by hematoxylin and eosin (H&E) staining (Figure 3D and 3E and Figure S4). In
knockout mice, regions of the hindlimb normally populated by multinucleate muscle fibers
instead exhibited large areas of mononucleate cells and showed a striking reduction in the
number of myofibers (Figure 3D and Figure S4). A dramatic reduction in the size of the
diaphragm and other skeletal muscle was apparent in RP58~/~ mice, as compared with wild-
type mice (Figure 3E and Figure S4). MyHC and troponin T-positive cells in RP58~/~ mice
are significantly reduced, although the few remaining myofibers in the limb field showed
normal morphology (Figure S4).

Next, to determine whether muscle impairment seen in RP58 null mice was caused by
inhibition of myogenic precursor migration from the dermomyotome to appendicular muscle
tissues, we examined expression of Pax3, a marker of the migratory myogenic precursors, in
RP58 null mice. The Pax3 expression pattern was not altered in limb of RP58 knockout
mice at E10.5, indicating that migration of muscle precursors to the limb field was not
affected by loss of RP58 (Figure S5).

Cell-Based HTS Reveals that MyoD Functions Upstream of RP58

Next we asked what upstream factors promote RP58 expression in muscle cells. To do so,
we generated a system in which 6049 cDNA expression vectors were arrayed on 384-well
plates and used to transfect 293T cells along with a reporter plasmid containing RP58
control sequences, and monitored for luciferase activity. To construct the reporter, the
human RP58 promoter sequence (—5K to +3K) was compared with that of mouse,
chimpanzee, dog, chicken, Xenopus, and zebrafish by VISTA browser (Frazer et al., 2004).
A 3.4Kb region (from —3180 to +170 of mouse RP58), which is highly conserved in
mammalian species, was identified and subcloned into the pGL4.12 luciferase vector in
front of a luciferase cassette (Figure 4A).

On the first screen, 11 of 6049 clones showed a greater than 1.5-fold increase in RP58
promoter activity compared with empty plasmid controls. An additional screen was
performed using both the RP58 3.4K and a shorter 1.6K promoter (—1596 to —1). This
screen identified the bHLH proteins MyoD, NEUROG1, NEUROG2, and NEUROD1 as
transcriptional activators of the RP58 promoter (Figure 4B). All of these proteins increased
the 3.4K promoter activity more than 5-fold and the 1.6K promoter activity more than 20-
fold (Figure 4B). These data place RP58 as a potential target of muscle- and neural-specific
bHLH factors and suggest that RP58 functions in transcriptional networks regulating both
skeletal myogenesis and neurogenesis. Sequence-specific bHLH transcription factors, such
as MyoD, typically activate transcription by binding to E-box sequences (CANNTG). A
TFSEARCH (http://mbs.cbrc.jp/research/db/TFSEARCH.html) identified three E-boxes
(E1-3) within the 1.6K RP58 promoter region (Figure 4C). Disruption of E1 or E2, but not
E3, by point mutations reduced MyoD-dependent promoter activity, and disruption of both
E1 and E2 almost completely abrogated MyoD-dependent promoter activity (Figure 4C),
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indicating that E1 and E2 are critical for MyoD-dependent RP58 expression. To investigate
MyaoD binding to the E1 and E2 sites, we undertook ChIP analysis using an anti-MyoD
antibody in C2C12 cells cultured in growth medium (GM) or differentiation medium (DM)
(Figure 4D). We found that MyoD bound to the RP58 promoter in DM more strongly than in
GM and that the histone acetylation state of RP58 in DM was higher than in GM.

Significantly, MyoD and its target, Myog, are both expressed in the myotome of RP58 null
mice at the protein level at E10.5 (Figure 4E). Furthermore, RP58 mRNA is detected in
Myog KO mice (Figure S6). These results suggest that MyoD-Myog pathway and MyoD-
RP58 pathway may represent two distinct branches functioning in skeletal myogenesis.

Id2 and 1d3 Are Directly Repressed by RP58 in Myogenesis

RP58 was originally identified as a DNA-binding transcriptional repressor associated with
transcriptionally silent heterochromatin (Aoki et al., 1998). However, its physiological target
genes were unidentified. We confirmed that RP58 functions as a transcriptional repressor in
C2C12 cells using a putative RP58 binding sequence reporter system (Fuks et al., 2001)
(data not shown). To identify RP58-regulated genes involved in myogenesis, profiling
experiments were performed comparing RNA derived from C2C12 cells with or without
expression of RP58 shRNA. In C2C12 cells stably expressing ShRNA-RP58, 271 genes
were upregulated relative to control cells (Figure 5A and Table S6). Given its repressor
function, these upregulated genes are potential targets of RP58 repression. In parallel, we
evaluated dynamic gene expression patterns during myogenesis by microarray at four
different differentiation stages of wild-type C2C12 cells (GM, and differentiation days 0, 2,
and 4). This analysis identified 399 genes downregulated as differentiation proceeded
(Figure 5A and Table S7). Strikingly, we observed high overlap between those genes and
genes upregulated in C2C12 cells expressing RP58 shRNA (195 genes; Figure 5A; Tables
S8, S10, and S11). To identify direct targets of RP58 among the above candidates, we
screened for predicted RP58 binding sites in candidate promoters (from —7K to +3K; Table
S9). If RP58 binds to such sequences, the binding sites would likely be conserved. To search
for such sites, sequences were compared among mouse, human, and opossum using UCSC
BLAT (Kent, 2002). Highly conserved consensus RP58 binding sequences were seen in four
genes (1d2, 1d3, Pea3 [Etv4], and Tubb3; Figure 5A), all of which were significantly
downregulated in differentiating C2C12 cells and upregulated in RP58 knockdown C2C12
cells (Figure 5B; data not shown).

Among them, 1d2 and 1d3 were of particular interest as they are known inhibitors of skeletal
myogenesis (Chen et al., 1997; Kurabayashi et al., 1994; Melnikova and Christy, 1996). We
confirmed that constitutive overexpression of 1d2 and 1d3 in C2C12 cells severely inhibits
fusion of myoblasts into myotubes, in agreement with other reports (Figure S7; Chen et al.,
1997; Kurabayashi et al., 1994; Melnikova and Christy, 1996). Significantly, infection of
C2C12 cells with RP58-expressing adenovirus reduced 1d2 and 1d3 expression levels
compared with control adenovirus (Figure 5C).

Our EMBRYS database also detected 1d2 and 1d3 mRNA expression in limb skeletal muscle
(Table 1 and Figure S2). RP58 is further expressed in limb muscle at E12.5 and 13.5, but 1d2
and 1d3 expression is downregulated at these stages (Figure S8). Consistently, we detected
abnormally higher levels of 1d2 and 1d3 in E18.5 diaphragm muscle from RP58 null mice
(Figure 5D). On the contrary, decreased levels of Ckm mRNA in the same samples further
support a functional link between RP58-mediated repression of Id proteins and activation of
late stages of skeletal myogenesis (Figure 5D). The upregulated 1d2 and 1d3 expression was
also observed at earlier stages of myogenesis in the somite at E10.5 and limb at E13.5 of
RP58 null mice compared with wild-type mice (Figure 5E).

Dev Cell. Author manuscript; available in PMC 2011 June 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yokoyama et al.

Page 6

To determine whether 1d2 and 1d3 are directly downregulated by RP58, we performed
transfection assays with luciferase reporters and ChIP assays (Figures 6A—6C). The
activities of a luciferase reporter gene fused to putative RP58 binding sites (in 1d2 —2576 to
—2966 or in 1d3 —3318 to —3028) were reduced following RP58 expression in C2C12 cells
(Figures 6A and 6B). ChIP analysis of C2C12 cells using an anti-Flag antibody showed that
Flag-RP58 bound to chromatin of 1d2 and 1d3 regulatory sequences (Figure 6C). We further
explored the “MyoD-RP58-1d2, 3” cascade by evaluating the ability of MyoD to activate the
myogenic program in 10T1/2 fibroblasts derived from either wild-type (WT) or RP58~/~
mouse embryonic fibroblasts (MEF). Ectopic expression of MyoD efficiently converts WT
10T1/2 fibroblasts into muscle cells, as previously reported (Weintraub et al., 1989), but
fails to activate the myogenic program in RP58~/~ 10T1/2 fibroblasts (Figure 6D). The
resistance of RP58~/~ 10T1/2 fibroblasts to MyoD-mediated myogenic conversion
correlated with increased levels of 1d2 and 1d3, which are otherwise downregulated by
ectopic expression of MyoD in WT 10T1/2 fibroblasts (Figure 6D). Knockdown of 1d2 and
Id3 by siRNA restored MyoD-dependent activation of the myogenic program in RP58~/~
10T1/2 fibroblasts (Figure 6E) leading to the formation of multinucleated myotubes (Figure
S9).

These data support the existence of MyoD-activated positive feedback that allows the
progression of skeletal myogenesis, via RP58-mediated transcriptional repression of two key
inhibitors of muscle differentiation, 1d2 and 1d3 (Figure 6F).

DISCUSSION

Our systems approach, in which WISH database construction and annotation were integrated
with cell-based, high-throughput transfection screening and microarray analysis, identified
RP58 as part of a MyoD-activated positive feedback mechanism that enables progression of
skeletal myogenesis by repressing myogenic inhibitors. EMBRYS construction successfully
provided annotated gene expression information that led to identification of RP58 as a
critical transcription factor in the myogenic program. In addition, application of cell-based
high-throughput transfection screening to identify factors that upregulate specific promoters
constituted an unbiased functional assay. Overall we have determined a pathway whereby
the repressor RP58 negatively regulates Id expression.

Advantages of the WISH Database, EMBRYS

Compared with microarray analysis, the systematic in situ hybridization database presented
here provides more detailed information on the spatial regulation of gene expression and
allows identification of discrete clusters of transcribed genes. This advantage was
demonstrated by previous studies of brain tissues (Gray et al., 2004; Lein et al., 2007). The
importance of identifying gene clusters in each tissue’s dynamic development was also
emphasized by the recent discovery of reprogramming techniques to generate iPS cells
(Takahashi and Yamanaka, 2006) and B-cells (Zhou et al., 2008), in which combined forced
expression of transcription factors appearing in each differentiation program can alter cell
fate and differentiation status.

Our EMBRYS database combined with WISH images of E9.5, E10.5, and E11.5 mouse
embryos, which annotates gene expression patterns, is advantageous in identifying
embryonic transcriptional networks compared to existing techniques (Figure 1, Tables S1-
S5). Using this approach, we identified 43 genes showing myogenic expression patterns
(Table 1 and Figure S2). We also annotated dynamic gene expression patterns in other
tissues and organs, which should be useful to analyze other developmental or regenerative
networks (Figure 1B and Tables S4 and S5).
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Limb development in particular is an excellent model to study patterning and examine
molecular networks underlying three dimensional axes because of the existence of well
characterized signaling centers such as the apical ectodermal ridge (AER), an ectodermal
structure at the most distal end of the limb indispensable for induction of proximodistal limb
outgrowth (Saunders, 1948), and the zone of polarizing activity (ZPA), a posterior margin of
the limb important for determining anteroposterior patterning (Riddle et al., 1993; Wolpert,
1969). We extensively analyzed gene expression patterns in limb fields relative to these axes
(Figure 1D). Thus the EMBRYS database provides us a means to examine molecular
networks functioning in both differentiation and polarity programs (Table S4).

Cell-Based High-Throughput Functional Screening Identifies MyoD as an RP58 Activator

Currently, signals activating gene expression are identified by examining potential
transcription factor binding sequences in a specific promoter using bioinformatics and cell-
based reporter assays. If a factor’s potential recognition motif is unknown, one-hybrid or
south-western screening can be used to identify molecules directly associated with the
specific sequence; however, these methods are limited to identifying direct targets.
Application of a comprehensive set of cDNAs in an expression library allows high-
throughput screening not only for direct transcriptional regulators but also for other factors,
such as cell-signaling molecules, receptors, or growth factors (lourgenko et al., 2003).

Here we utilized around 6000 arrayed and addressable cDNA clones, which allowed
systematic, efficient, and unbiased screening of cDNAs’ encoding factors that could activate
the RP58 promoter (Figure 4A). Our screen revealed MyoD, NEUROG1, NEUROGZ2, and
NEURODL1 as potential activators of the RP58 promoter. Consistent with our findings,
recently two independent genome-wide approaches identified RP58 as a downstream target
of MyoD (Di Padova et al., 2007) and Neurod1 and Neurog2 (Seo et al., 2007). Thus, we
and others have confirmed that RP58 expression in myogenesis and neurogenesis is likely
regulated by tissue-specific bHLH transcription factors. Our findings also support the idea
that genome-wide functional approaches are useful to identify critical molecular networks
functioning in different tissues or developmental stages.

Di Padova et al. have also indicated that acetylation-activated MyoD promotes RP58
expression in the early phase of myogenesis (Di Padova et al., 2007), when we found MyoD
to be recruited to the RP58 promoter (Figure 4D). Chromatin association of MyoD and
activation of downstream genes is typically promoted by recruitment of p300 and PCAF
acetyltransferases (McKinsey et al., 2001; Puri et al., 1997; Sartorelli et al., 1999) and other
chromatin-modifying complexes (Guasconi and Puri, 2009). In myoblasts, most of the
promoters are not occupied by MyoD, possibly because of the high levels of 1ds which
preclude MyoD heterodimerization with E12/47, an event required for robust MyoD binding
to DNA (Guasconi and Puri, 2009). Taken together, these data suggest that MyoD activates
RP58 in DM more strongly than in GM because it uses a mode of activation similar to that
of other “differentiation genes,” such as Myogenin.

RP58, a Transcriptional Repressor of Id2 and 1d3 in the Myogenic Program

We found that RP58 directly represses the 1d2 and 1d3 expression. Extensive evidence
indicates that temporal control of muscle gene transcription by direct activation of
downstream targets (early genes) by MyoD enables subsequent transcription of late genes
(Cao et al., 2006; Penn et al., 2004). MyoD directly upregulates numerous targets, including
Myog, Ckm, and MyHC, with distinct Kinetics (Blais et al., 2005; Cao et al., 2006; Di
Padova et al., 2007). For instance, Myog is expressed at an early stage of differentiation,
while Ckm and MyHC are considered late muscle genes. Recent work indicates that the
ability of MyoD to support transcription of late genes is tightly controlled by downstream
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early target genes (Blais et al., 2005; Cao et al., 2006). On the other hand, earlier work
established that the ability of MyoD to activate late stage genes is antagonized by Id
proteins. Overexpression of 1d2 and 1d3 in muscle cells inhibits myoblast fusion to
myotubes (Figure S7) and represses expression of late myogenic targets, such as Ckm and
MyHC (Benezra et al., 1990; Jen et al., 1992; Langlands et al., 1997; Melnikova et al., 1999;
Neuhold and Wold, 1993). Our finding of an Ids-repressing pathway by MyoD-dependent
RP58 signaling may play a critical role for temporally patterned expression of early and late
genes.

It has been reported that the Ids reduction during myogenesis is initiated by serum depletion
in vitro (Chen et al., 1997; Kurabayashi et al., 1994; Wu and Lim, 2005). We detected
reduced levels of 1d2 and 1d3 in RP58 knockdown C2C12 cells (data not shown), indicating
the importance of RP58-mediated down-regulation of 1d2 and 1d3, as mechanism of
maintenance of Ids repression that is initiated by serum depletion. This is consistent with the
in vivo data showing that in RP58 null embryos 1d2 and 1d3 expression is upregulated in
muscle regions (Figure 5E). Here we propose that this 1ds downregulation is governed by
two independent pathways: (1) In proliferating myoblasts (cultured in high serum-containing
medium), 1d2 and 1d3 expression is induced by serum mitogens, possibly via different
mechanisms (Chen et al., 1997; Kurabayashi et al., 1994; Wu and Lim, 2005); (2) MyoD-
dependent RP58 signaling maintains 1d2 and 1d3 in a repressed state.

Taken together, identification of RP58 as a critical effector in a myogenic feedback
mechanism is intriguing because it suggests that MyoD activates parallel programs, leading
to both *“activation” and “repression” of distinct subsets of genes and permitting progression
of skeletal myogenesis toward late differentiation stages (Blais et al., 2005; Cao et al., 2006;
Chen et al., 1997).

EXPERIMENTAL PROCEDURES
EMBRYS Construction

Constructs

The list of transcription factors and cofactors was created as described in Figure S1. Whole-
mount in situ hybridization was performed as described (Yokoyama et al., 2008). DIG-RNA
signals were photographed under a light microscope (OLYMPUS SZX12) equipped with a
CCD camera (OLYMPUS DP70). Specimens were embedded in agarose gel to capture
images from any direction. Generally, three photos were taken for each embryo: the embryo
at low magnification, the forelimb and hindlimb at medium magnification, and the forelimb
at high magnification. Additional photos were taken if gene expression was clearly detected
in specific tissues (i.e., brain, spinal cord, pharyngeal arches, eye, olfactory placode, somite,
heart, liver, tail bud, otic pit, external genitalia) at appropriate magnifications. Images were
converted to .jpeg format and deposited in the gene expression pattern database “EMBRYS”
(http:/fembrys.jp/).

pGL4.12-RP58-3.4K or pGL4.12-RP58-1.6K were constructed by inserting the —3180 to
+170 or —1596 to —1 region of mouse RP58 into the pGL4.12 vector (Promega). Mutations
were introduced into various sites between —1255 and —1250 (E1), —220 and —215 (E2),
and —190 and —185 (E3) of pGL4.12-RP58-1.6K using a QuikChange site direct
mutagenesis kit (Stratagene). pGL-TK was constructed by inserting the TK promoter of
pRL-TK (Promega) into the Bglll-Hindlll site of pGL4.12. BS10-Luc, a reporter containing
10 copies of RP58 binding sites fused to the TK promoter and the luciferase gene, was
constructed by ligating the Kpnl-Sacl fragment of BS10-pGL2C (Aoki et al., 1998) into the
Kpnl-Sacl site of pGL-TK. 1d2-Luc or Id3-Luc vectors were constructed by inserting the
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—2576 to —2966 region of 1d2 or the —3318 to 3028 region of 1d3, respectively, into pGL-
TK. Expression vectors were constructed by inserting respective ORFs into pcDNA3.1 (+)
(Invitrogen), p3xFlag-CMV-7.1 (SIGMA) or pcDNA3-HA, in which an HA-tag was
inserted upstream of the multicloning site. A vector expressing RP58 shRNA was
constructed using the BLOCK-iT Inducible H1 RNAi Entry Vector Kit (Invitrogen). Three
RP58 target sequences were designed using Invitrogen webpage guidelines. They were: 5'-
GCTTCATGCAGCATGTATTTC-3', 5'-GCCCAGTGA TGAAGATGAAGG-3', and 5'-
GCTAGCAGCTGCCAGTTATCT-3'. Flag-RP58-expressing adenovirus vector was
produced by ViraPower Adenoviral Expression System (Invitrogen).

Cell Culture, Transfection, and Adenovirus Infection

C2C12 murine skeletal muscle cells and 293T human embryonic kidney cells were
purchased from American Type Culture Collection (ATCC). Cells were maintained in
Growth Medium (GM: DMEM supplemented with 10% FBS). For C2C12 culture, cells
were grown in GM and, after reaching full confluence, medium was switched to
Differentiation Medium (DM: DMEM supplemented with 2% horse serum) and further
incubated. All C2C12 cell culture was performed using cells within five passages.
Transfection was performed using Lipofectamine 2000 (Invitrogen). Stable transfectants
were obtained by selection of cells using G418 or Zeocine for 2 weeks. Adenovirus infection
was performed in C2C12 cells at a multiplicity of infection (MOI) of 50-100, and cells were
incubated 2 days in DM after reaching confluence and then assayed by real-time PCR or
ChlIP.

RNA Isolation and Quantitative Real-Time PCR

Total RNAs were isolated from cultured cells or tissue using ISOGEN (Nippon-gene) and
reverse transcribed using Ready-To-Go You-Prime First-Strand Beads (GE Healthcare).
cDNAs were used for quantitative real-time PCR, which was performed using the SYBR
GREEN PCR Master Mix (Applied Biosystems). Gapdh expression served as a control for
MRNA expression. Gene expression changes were quantified using the delta-delta Cy
method. Primer sequences are available upon request.

Histology, Immunostaining, and Western Blotting

Hindlimbs from E18.5 were dissected, embedded in tragacanth gum (Wako), and snap-
frozen in liquid nitrogen-cooled isopentane, followed by cryostat sectioning at 6 um. Whole
E13.5 embryos were embedded in OCT compound (Sakura Finetek) and frozen rapidly in
liquid nitrogen. Specimens were sectioned at 10 um. Cryosections were air-dried and stained
with H&E. For E10.5 myotome immunohistochemistry, embryos were fixed by 4%
paraformaldehyde (PFA) in PBS and embedded in paraffin, followed by microtome
sectioning at 7 um. Anti-MyoD (1:100; clone 5.8A, BD), anti-Myog (1:50; F5D, DSHB),
anti-1d2 (1:100; C-20, sc-489, Santa Cruz), anti-1d3 (1:100; C-20, sc-490, Santa Cruz), and
anti-cardiac troponin T antibody (1:50; CT3, DSHB) antibodies were used. DAPI served as
a counterstain. To immunostain C2C12 cells, anti-fast MyHC antibody (1:50; F59, DSHB)
served as first antibody, followed by Alexa 594 (1:400; Molecular Probes) as second
antibody. Nuclei were stained with DAPI. Whole cell extracts were prepared for western
blotting. Rabbit polyclonal antisera for mouse RP58 (which recognizes the
TVRDWTLEDSSQEC epitope) was obtained from Protein Purity, Ltd. (Japan).

Cell-Based HTS

We arrayed 6049 different expression vectors from the MGC (Mammalian Gene Collection)
human cDNA expression vector library plus pcDNA3.1 (+) as a negative control on 384-
well plates using 50 ng plasmid per well. High-throughput transfection assays were
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undertaken by incubation with 20 ul OPTI-MEM containing 0.1 pl of Lipofectamine 2000
and 20 ng of the pGL4.12-RP58-3.4k reporter vector for 20 min. Then we added 5 x 102 of
293T cells in 40 pul GM to each well and cultured for 48 hr. Luciferase activity was
measured using the Steady-Glo luciferase assay system (Promega).

Luciferase Assay

Cells in 48-well plates at 50% confluence were transfected using FugeneHD (Roche). A
firefly luciferase reporter gene construct (50 ng), an effector gene construct (50 ng), and 5
ng of pGL4.74 Renilla luciferase construct for normalization (Promega) were cotransfected
per well. Cell extracts were prepared 36-48 hr after transfection and luciferase activity
measured using the Dual-Luciferase Reporter Assay System (Promega).

Microarray Analysis

ChlIP Assay

Sample RNAs were obtained from C2C12 cells stably expressing RP58-shRNA or control-
shRNA cells, and from C2C12 cells cultured either in GM or in DM for 0, 2, and 4 days.
Five micrograms of RNA was reverse transcribed using SuperScript 11 and a second strand
cDNA was synthesized. Biotinylated antisense cRNAs were amplified and transcribed using
the BioArray RNA Amplification and Labeling system (Enzo Life Science, NY, USA).
Finally, 10 png of cRNAs were hydrolyzed and hybridized to the GeneChip (R) Mouse
Genome 430 2.0 array (Affymetrix). Microarray data were summarized using the Robust
Multichip Average (RMA) method, and statistical analysis was performed using NIA Array
Analysis (http://Igusun.grc.nia.nih.gov/ANOVA/; Chapman et al., 2002; Sharov et al.,
2005). Upregulated genes were defined as showing a signal intensity elevated more than 1.5-
fold compared with control cells. To identify genes downregulated in C2C12 myogenesis,
principal component analysis (PCA) was performed and downregulated genes were
identified. Microarray data are deposited in the Gene Expression Omnibus (GEO) under
accession number GSE12993.

C2C12 cells infected with Flag-RP58-expressing adenovirus were cultured in DM for 2
days. Cells were crosslinked with 1% formaldehyde for 10 min and quenched with 0.125 M
glycine for 5 min. Cells were washed with cell lysis buffer (5 mM PIPES [pH 8.0]; 85 mM
KCI; 0.5% NP-40) and resuspended in nuclear lysis buffer (50 mM Tris-HCI [pH 8.1]; 10
mM EDTA; 1% SDS). Chromatin was sheared to approximately 300-500 bp by sonication
and diluted 5 times with ChIP dilution buffer (16.7 mM Tris-HCI [pH 8.1]; 167 mM NacCl;
1.2 mM EDTA; 0.01% SDS; 1.1% Triton X-100). The chromatin solution was incubated
with 2 pug anti-Flag-M2 (SIGMA) antibody or normal mouse 1gG (Santa Cruz) and
Dynabeads Protein G (Invitrogen) at 4°C. Beads were washed with ChIP wash buffer (50
mM HEPES-KOH [pH 7.0]; 0.5 M LiCl; 1 mM EDTA; 0.7% sodium deoxycholate; 1%
NP-40) 3 times and once with TE buffer (10 mM Tris-HCI [pH 8.0]; 1 mM EDTA), and
immune-complexes were eluted from beads with ChIP elution buffer (50 mM Tris-HCI [pH
8.0]; 10 mM EDTA; 1% SDS) at 65°C. Eluates were additionally incubated at 65°C to
reverse crosslinking and then incubated with 0.5 mg/ml proteinase K at 55°C. DNA was
purified by phenol-chloroform extraction and ethanol precipitation. In ChlP of MyoD or
acetyl-histone 3, ChlP assay was performed with C2C12 cells cultured in GM until fully
confluent or with cells incubated in DM for 2 days after reaching full confluence, using a
SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling), according to the manufacturer’s
instructions. Protein-DNA complexes were precipitated with 2 pg of anti-MyoD antibody
(sc-760; Santa Cruz), anti-acetyl-histone 3 antibody (06-598; Millipore), or normal rabbit
IgG (Santa Cruz). Aliquots and whole-cell extracts (serving as input samples) were analyzed
by PCR or quantitative real-time PCR amplification with the following primer pairs: (1d2-
Forward) 5-CGCGGGC GAGTCTCAAGGTC-3', (Id2-Reverse) 5'-
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CAGGGATCACTCGGGGGGTC-3'; (1d3-Forward) 5'-
CACGCATCCCTGTGTGAACG-3, (1d3-Reverse) 5'-GAGGA ATCCGCTCCTTTGCC-3';
(RP58-E1-Forward) 5-CTGGTGGCAGGAGTGTA GAG-3', (RP58-E1-Reverse) 5'-
CCGCACACACTAACTCCCTG-3'; (RP58-E2-Forward) 5'-
GGCCAGACAGCTGTAATCGC-3', (RP58-E2-Reverse) 5'-CAGA
GGGACGAAGAAGGAAGC-3'.

MyoD-Dependent Myogenic Conversion of 10T1/2 Fibroblasts

10T1/2 fibroblasts were generated from wild-type and RP58 null mouse embryonic
fibroblasts (MEFs). Myogenesis assays were performed using these newly established
fibroblasts by ectopic expression of adenoviral MyoD. The activation of the myogenic
program in these cells was induced by low serum conditions (DM, supplemented with
insulin) and was monitored by the formation of myotubes expressing muscle-specific genes,
such as Ckm and MyHC. Rescue experiments were performed by downregulating
endogenous 1d2 and 1d3, by transfection of specific siRNA (purchased from QIAGEN). For
immunostaining of MyHC, MF20 antibody (DSHB) was used.

Knockout Mice Embryos

C57BL/6J-Pax3Sp/J mice were purchased from Jackson Laboratory (Bar Harbor, ME).
Homozygous mice (Pax3SP/SP) embryos were identified by appearance of spina bifida and
by PCR genotyping. Myog (Myogenin) knockout*/~ mice were kindly provided from Y.
Nabeshima. Homozygous Myog~~ and WT mice were identified by PCR. All embryos were
obtained by timed mating. The morning of the appearance of the vaginal plug was
designated EO.5.

Statistical Analysis

The two-tailed independent Student’s t test was used to calculate all P values. Asterisks in
figures indicate differences with statistical significance as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Myogenic Expression of RP58 Based on the WISH Database

(A) Flow chart of database construction.

(B) Representation of annotated gene expression. Gene expression detected by WISH was
evaluated in several anatomical structures. (Left) Lateral views of embryos at E9.5, 10.5,
and 11.5. Hybridization signals detected in colored areas were evaluated visually.
Magnification of each photo is not uniform. (Upper Right) Anatomical drawing of the brain
at each stage. (Bottom Right) Dorsal view of trunk. Boxed area is enlarged and detailed
structures are visualized by WISH performed with markers of each structure. PSM,
presomitic mesoderm.

(C) Signal intensity is evaluated as follows: 2, intense (as in the posterior part of the
forelimb bud); 1, moderate (as in Progress Zone, PZ); or blank, no signal or not determined.
Areas showing no detectable signal, such as the regions of brain, are annotated “Not
Stained,” and staining that could not be interpreted is evaluated as “Not Determined” and
indicated as blank cells in Table S4.

(D) Gene expression patterns in the developing limb bud are shown in detail, and colored
areas are individually evaluated. AER, apical ectodermal ridge; PZ, progress zone.
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Figure 2. RP58 Expression in Mouse Limb Bud and in C2C12 Culture

(A) Expression patterns of muscle-related transcription factors (Pax3, Myf5, MyoD, and
Myog) and RP58 in mouse limb bud at E9.5, 10.5, and 11.5, as determined by WISH. At the
bottom are sections of an E10.5 (Left) or E11.5 (Right) embryo showing RP58 expression.
Abbreviations: m, myotome; drg, dorsal root ganglia; nt, neural tube; dmm, dorsal muscle
mass; vmm, ventral muscle mass; fl, forelimb. Bar, 500 pum.

(B) Real-time PCR analysis of RP58 and myogenesis-associated genes in C2C12 cells
cultured in GM or DM for 0, 2, or 4 days (d). Error bars, SEM (n = 3).

(C) Western blotting for RP58 during C2C12 cell myogenic stages.
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Figure 3. RP58 Knockdown Inhibits Myogenesis

(A) Western blotting for RP58 in C2C12 lines stably expressing RP58 shRNA (shRP58) or
control shRNA (Ctl) on differentiation day 2.

(B) Immunocytochemistry for MyHC and DAPI staining in C2C12 lines stably expressing
RP58 shRNA (shRP58) or control shRNA (Ctl) on differentiation day 4. Bar, 200 pum.

(C) Percentage of MyHC-positive nuclei in RP58 knockdown (shRP58) or control (Ctl)
C2C12 cells of (B) in three independent fields. Error bars, SD (n = 3).

(D) H&E staining of hindlimb muscles from WT and RP58~/~ mice (E18.5). Higher
magnifications of boxed regions in left panels are shown in right panels. Arrowheads
indicate an abnormal population of mononucleate cells in RP58~/~ skeletal muscle tissues.
Bar, 50 um.

(E) Haematoxylin and eosin staining of diaphragm from WT and RP58~/~ mice (E18.5,
arrow). Lu, lung; Li, liver. Bars, 50 um.
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Figure4. High-Throughput TransfectionScreening of RP58 Initiators

(A) HTS scheme.

(B) Luciferase activity of pGL4.12, pGL4.12-RP58-1.6K, or pGL4.12-RP58-3.4K reporters
in 293T cells tranected with MyoD-, NEUROD1-, NEUROG1-, NEUROG2-expressing
vectors or empty vector. Error bars, SD (n = 3).

(C) (Upper panel) Reporter vector pGL4.12-RP58-1.6K and the corresponding upstream
region of RP58. Relative positions and sequences of E-boxes E1, E2, and E3, which are
potential MyoD binding sites, are shown with mutations introduced into these regions.
(Lower panel) Luciferase activity of various reporters, mutated either individually or in
combination, in 293T cells transfected with MyoD-expressing or empty vector. Error bars,
SD (n =3).

(D) Quantitative ChlP analysis using anti-MyoD or anti-acetyl-histone 3 antibody (a-Ac-
H3) on E1 and E2, potential MyoD binding sites on RP58 promoter, in C2C12 cells cultured
in GM or DM. Error bars, SEM (n = 3).

(E) Immunohistochemistry of transverse sections of fore-limb level somites in E10.5 wild-
type (WT) or RP58~/~ mice using anti-MyoD or -Myog antibodies. Counterstaining was
performed using DAPI. Bar, 100 um.
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Figure 5. Microarray Analysis for RP58 shRNA-Expressing C2C12 Cells

(A) Venn diagram of genes upregulated by treatment with RP58 shRNA (“shRNA”) and
downregulated as C2C12 cells differentiate (“timecourse”).

(B) Real-time PCR of 1d2, 1d3, and Ckm in C2C12 cells cultured in growth (GM) or
differentiation (DM) medium at 0, 2, or 4 days (d) or in control- (Ctl) or RP58- (sh) ShRNA-
expressing C2C12 cells. Error bars, SEM (n = 3).

(C) Real-time PCR of 1d2 and 1d3 in C2C12 cells infected with RP58-expressing or control
adenovirus. Error bars, SEM (n = 3).

(D) Real-time PCR of 1d2, 1d3, and Ckm in diaphragm of RP58 KO or WT mice (E18.5).
Error bars, SEM (n = 3).

(E) Immunohistochemistry of transverse section of wild-type (RP58*/*) and RP58 KO
(RP58~/7) mice at E10.5 (Left panel) and E13.5 (Right panel), using anti-1d2 (for both
E10.5 and E13.5) or -1d3 (for E10.5) antibodies. Counterstaining was performed using
DAPI. In E13.5, boxed areas are enlarged in the right panel. Bars, 100 um (E10.5), and 200
um (E13.5), respectively.
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Figure 6. 1d2 and 1d3 Are Direct Targets of RP58

(A) Location and sequence (in mouse, human, and opossum) of highly conserved putative
RP58 binding sites in 1d2 (upper) or 1d3 (bottom) promoters.

(B) Luciferase activity of TK-Luc (Empty), BS10-Luc (BS10), 1d2-Luc (1d2), or 1d3-Luc
(1d3) reporters in C2C12 cells transfected with RP58-expressing or empty vector. Error bars,
SD (n =3).

(C) Quantitative ChIP assay in C2C12 cells infected with Flag-RP58-expressing adenovirus.
Error bars, SEM (n = 3).

(D) (Upper) Immunofluorescence for MyHC expression in WT or RP58 null 10T1/2
fibroblasts in which the myogenic program is activated upon ectopic expression of MyoD on
differentiation day 3 (3d). (Lower) Real-time PCR of Ckm, 1d2, and 1d3 in WT or RP58 null
10T1/2 fibroblasts expressing MyoD on differentiation day 3 (3d). Error bars, SEM (n = 3).
(E) (Upper) Immunofluorescence for MyHC expression in WT or RP58 null 10T1/2
fibroblasts in which the myogenic program is activated upon ectopic expression of MyoD
and siRNA-mediated downregulation of 1d2 and 1d3 on differentiation day 2 (2d). (Lower)
Real-time PCR of Ckm (Left) and 1d2, 1d3 (Right) in WT or RP58 null 10T1/2 fibroblasts in
the same conditions described above on differentiation day 2 (2d). Error bars, SEM (n = 3).
(F) Proposed myogenesis regulatory network.
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