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down-regulated in early myogenesis.

entry into myogenesis.
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(Background: CCAAT/Enhancer-binding Protein 3 (C/EBP) inhibits differentiation of muscle satellite cells and is rapidly
Results: The E3 ubiquitin ligase Mouse double minute 2 homolog (Mdm?2) targets C/EBPf3 for degradation thereby promoting

Conclusion: Mdm?2 expression is necessary for entry into myogenesis.
Significance: Establishes a new role for Mdm?2 in cellular differentiation.

J

Myogenesis is a tightly regulated differentiation process dur-
ing which precursor cells express in a coordinated fashion the
myogenic regulatory factors, while down-regulating the satel-
lite cell marker Pax7. CCAAT/Enhancer-binding protein 8
(C/EBP) is also expressed in satellite cells and acts to maintain
the undifferentiated state by stimulating Pax7 expression and by
triggering a decrease in MyoD protein expression. Herein, we
show that C/EBPf protein is rapidly down-regulated upon
induction of myogenesis and this is not due to changes in Cebpb
mRNA expression. Rather, loss of C/EBPf3 protein is accompa-
nied by an increase in Mdm?2 expression, an E3 ubiquitin ligase.
We demonstrate that Mdm?2 interacts with, ubiquitinates and
targets C/EBPf3 for degradation by the 26 S proteasome, leading
to increased MyoD expression. Knockdown of Mdm2 expres-
sion in myoblasts using a sShRNA resulted in high C/EBP levels
and a blockade of myogenesis, indicating that Mdm2 is neces-
sary for myogenic differentiation. Primary myoblasts expressing
the shMdm?2 construct were unable to contribute to muscle
regeneration when grafted into cardiotoxin-injured muscle.
The differentiation defect imposed by loss of Mdm2 could be
partially rescued by loss of C/EBP (3, suggesting that the regula-
tion of C/EBP 3 turnover is a major role for Mdm?2 in myoblasts.
Taken together, we provide evidence that Mdm?2 regulates entry
into myogenesis by targeting C/EBP for degradation by the
26 S proteasome.

The development of skeletal muscle is regulated by a tightly
coordinated transcriptional cascade during which myogenic
regulatory factors are expressed. This process is recapitulated
in post-natal muscle growth and regeneration, where muscle
stem cells, called satellite cells, are induced to differentiate. Sat-
ellite cells are defined by their anatomical location between the
muscle fiber sarcolemma and the basement membrane and
their expression of the paired box protein Pax7 (1, 2). A heter-
ogeneous population, the majority of satellite cells also express
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the myogenic regulatory factor Myf5 (3). Although not the only
source of myogenic precursors in skeletal muscle, satellite cells
are recognized as the most important source of regenerative
potential in this tissue (4). As satellite cells become activated,
they progressively lose the expression of Pax7, and begin to
express the myogenic regulatory factor MyoD (5). As the differ-
entiating cells exit the cell cycle and terminally differentiate, the
expression of myogenin is activated (a MyoD target gene), driv-
ing the expression of myosin heavy chain and other myocyte
markers (5). The differentiation process culminates with the
fusion of myocytes to form large multinucleated cells called
myotubes in culture and myofibers in vivo.

In addition to the myogenic regulatory factors, the transcrip-
tion factor CCAAT/Enhancer-binding protein 8 (C/EBPB)? is
implicated in the regulation of adult myogenesis (6). C/EBPf3 is
localized to Pax7+ satellite cells in healthy muscle, and its
expression is rapidly down-regulated in parallel with Pax7 as
differentiation progresses (6). Persistent C/EBPS expression
blocks myogenesis, through suppression of MyoD protein
expression and stimulation of Pax7 expression, and its loss pro-
motes precocious differentiation even under growth condi-
tions, as well as larger myofibers and enhanced repair after a
single injury in vivo (6).

C/EBPis a member of the larger family of bzip transcription
factors. Initially discovered as a regulator of IL-6 expression,
C/EBP has been implicated in numerous differentiation pro-
cesses including adipogenesis, osteoblastogenesis, mammary
gland development, and female fertility (7—11). Cebpb is an
intronless gene that produces a single mRNA from a single
promoter (12). Differential initiation of translation results in 3
C/EBPp proteins with identical carboxyl termini and variable
amino termini. The full-length isoform (Liver Activating Pro-
tein, LAP*) and the second isoform (LAP), which lacks the first
21 amino acids, contain all 3 activation domains (13, 14). The
shortest isoform (Liver Inhibitory Protein, LIP) lacks activation
domains and acts as a dominant negative (13, 14). In normal

2The abbreviations used are: C/EBP, CCAAT-enhancer-binding protein;
MDM?2, mouse double minute 2 homolog; CTX, cardiotoxin; TA, tibialis
anterior; MyHC, myosin heavy chain.
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skeletal muscle and SCs from young mice, only the LAP*/LAP
isoforms are detected in Pax7+ cells, and are decreased with
differentiation (6).

Protein expression can be regulated at the level of transcrip-
tion, translation, and more rapidly via targeted degradation by
the ubiquitin-proteasome system. The ubiquitin-proteasome
system targets specific proteins for degradation by marking
them with ubiquitin chains conjugated to lysine residues within
the target protein sequence. The prey is recognized by an E3
ubiquitin ligase, an enzyme of one of four different classes
(HECT, RING-finger, U-box, or PHD-finger), which transfers a
ubiquitin moiety from an activated E2 enzyme to the target
protein. Elongation of this chain to 4 ubiquitin subunits with
specific lysine 48 linkages allows for recognition by the 26 S
proteasome, recycling of the ubiquitin moieties and degrada-
tion of the targeted protein (15, 16).

Mouse double minute 2 homolog (Mdm?2) is a RING finger
family E3 ubiquitin ligase that is known for interacting with and
targeting for degradation the oncogene p53 (17, 18). Blockade
of p53 activities triggers progression through the cell cycle
whereas high levels of p53 induce growth arrest and apoptosis
(19). In addition to regulating p53 activity, Mdm?2 can also
interact with pRb, causing inhibition of its function, and the
activation domain of E2F1, stimulating E2F1/DP1 transcrip-
tional activity (20, 21). As such, high levels of Mdm?2 trigger
proliferation by inhibiting the activities of pRb and p53 and
directly stimulating the activity of E2F1/DP1.

The Mdm?2 knock-out is embryonic lethal, but can be res-
cued by concomitant loss of p53 expression. Indeed, the E3
ubiquitin ligase activity of Mdm?2 is required to ensure normal
development in mice, suggesting that the regulation of p53 lev-
els is a major role for Mdm?2 in vivo. However, Mdm?2 has been
implicated in activities independent of p53, such as the regula-
tion of cellular differentiation, suggesting that Mdm2 has
numerous substrates and/or activities other than that of an
ubiquitin ligase. Herein, we identify Mdm?2 as an E3 ubiquitin
ligase that interacts with and regulates the expression of
C/EBPB in myoblasts. Specifically, we demonstrate that
C/EBPf can be ubiquitinated by Mdm2, and loss of Mdm?2 in
myoblasts results in higher than normal C/EBP protein levels,
driving a blockade of myogenic differentiation.

EXPERIMENTAL PROCEDURES

Constructs and Reagents—GST-tagged full-length C/EBPf3
and fragments corresponding to amino acids 1-296, 1-151,
and 152-296 were cloned by PCR into the EcoR I/BamH I sites
of pGEX-2T. Mdm?2 was amplified by PCR from pCI-neo-
Mdm?2 (gift from Dr. Robert Haché) and inserted into Pet47B
vector (Novagen).

Cell Culture—C2C12 mouse myoblasts were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) containing 10%
fetal bovine serum (FBS) (Growth medium, GM) for mainte-
nance. To induce differentiation, GM was replaced with
DMEM containing 2% horse serum (differentiation medium,
DM) when cells reached 80-90% confluence. Primary myo-
blasts were isolated from C57BL/6 mice or C/EBPf3 conditional
knock-out mice as described (6). Primary myoblasts were
plated on matrigel-coated dishes in DMEM with 20% FBS and
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10% HS with 10 ng/ml basic FGF and 2 ng/ml HGF (growth
medium, GM). Differentiation was induced in DMEM contain-
ing 2% FBS and 2% HS (Differentiation medium, DM) at a con-
fluency of 70-80%. Lentivirus containing a shRNA against
mouse Mdm2 (shMdm?2, sc-37263-V) or a scrambled shRNA
(shScr, sc-108080) (Santa Cruz Biotechnology) were added to
C2C12 cells or primary myoblasts at 30—-40% confluency in
GM according to manufacturer’s instructions. Cultures were
selected in 2 um puromycin to create pooled stable cell lines
beginning 48 h after transduction.

Western and Immunocytochemistry—Western blots were
performed as described (22). Proteins were detected using anti-
C/EBPB E299 (Abcam), anti-Pax7 (DSHB), anti-a-actin
(Sigma), anti-MDM2 C18, anti-MyoD 5.8A, anti-Myf5, anti-
Myogenin, anti-p53, and anti-a-Tubulin (all from Santa Cruz
Biotechnology). Immunocytochemistry was performed as
described (6) using anti-MF20 (DSHB) and anti-Mouse-Cy3
(Invitrogen) antibodies to detect myosin heavy chain
expression.

Protein-Protein Interaction Studies—GST-C/EBPf3 protein
and its fragments were expressed and isolated as described (23)
and incubated with in vitro translated Mdm2 produced using
the TNT T7 Quick-Coupled Transcription/Translation kit
(Promega). Bound proteins were isolated by eluting with 2X
SDS buffer, and eluates were separated by 8% SDS-PAGE gel.
Mdm?2 was detected by Western blotting. Immunoprecipita-
tion of proteins from whole cell extracts from C2C12 cells was
performed using anti-C/EBPS antibody E299 (Abcam) or anti-
Mdmz2 antibody C18 (Santa Cruz Biotechnology) and co-pre-
cipitated C/EBPf3 or Mdm2 was detected by Western blotting
using the same antibodies.

In Vitro Ubiquitination Assay—The in vitro ubiquitination
assay was performed as described (24). In each reaction, 10 um
of biotinylated ubiquitin U570 (Boston Biochem) and 20 -50 ug
of purified GST-C/EBPf3 protein were added to cell extracts
from shScr or shMdm?2-expressing C2C12 cells. Reactions were
incubated for 60 min at 37 °C. In the control experiments, bioti-
nylated ubiquitin was not added to the reaction mixture. Ubiq-
uitinated GST-C/EBPf fusion proteins were purified from
reaction mixtures by GST pull-down and detected by Western
blotting using HRP-conjugated streptavidin (GE Healthcare).

Myoblast Transplantation—Muscle regeneration in 4-
month-old C57BL/6 mice was induced by injecting 30 ul of 10
uM cardiotoxin (CTX) into the mid-belly of the right and left
tibialis anterior (TA) muscles. The next day, 10> GFP+ myo-
blasts isolated from C57BL/6-Tg(UBC-GFP) mice (Jackson
Labs) transduced to express shMdm?2 or shScr were injected
into the left and right TA of the CTX-injured TA muscle,
respectively. Mice were sacrificed 2 weeks after transplantation,
and the TAs were collected, flash frozen, and sectioned (8 um
thick) for analysis of GFP fluorescence.

Cell Cycle Analysis—10° C2C12 cells lentivirally transduced
to express shMdm2 or scrambled control (shScr) cultured in
growth medium were collected in PBS and fixed in 75% ethanol
for 5 min on ice, washed, and rehydrated in PBS for 15 min at
room temperature. Cells were then resuspended in 1 ml of pro-
pidium iodide staining solution (100 mm Tris, pH 7.4, 150 mm
NaCl, 1 mm CaCl,, 0.5 mm MgCl,, and 0.1% Nonidet P-40)
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FIGURE 1. C/EBP 3 protein levels are regulated during myogenesis by the 26S proteasome. A, C/EBPB LAP* and LAP protein expression in C2C12 myoblasts
in growth medium (GM) or after induction to differentiate in low serum differentiation medium (DM) for the indicated for 1-9 days. a-Tubulin is a loading
control. B, RT-qPCR analysis of Cebpb expression in GM and during differentiation. Error bars are the S.E., n = 3. N.S., not significant. C, C/EBP LAP expression
in primary myoblasts isolated from C57BL/6 mice and cultured in GM or DM for the indicated time points in hours. Actin is aloading control. D, RT-gPCR analysis
of Cebpb expression in primary myoblasts in GM and during differentiation. Error bars are the S.E., n = 3. N.S., not significant. E, C/EBP and MyoD protein
expression in C2C12 myoblasts were cultured in GM or DM for 24 h in the presence of MG132 for 6 h in DM or 24 h in GM.

containing 2 ug/ml propidium iodide. DNA content was
assessed by flow cytometry and compared with C2C12 in forced
G1 following culture in medium lacking L-methionine.

RESULTS

To examine changes in C/EBPf3 expression in myoblasts dur-
ing differentiation, we performed Western blotting and RT-
qPCR in both the mouse myoblast cell line C2C12 and in pri-
mary myoblasts isolated from C57BL/6 mice (Fig. 1). In C2C12
cells, C/EBPS expression was high in growth medium (GM) and
was rapidly down-regulated after 1 day in differentiation
medium (Fig. 14). C/EBP expression remained low until day
5, when C/EBP expression increased again (Fig. 14). Changes
in C/EBP protein expression did not correlate with changes in
Cebpb mRNA expression (Fig. 1B). In primary myoblasts, the
differentiation timeline is much shorter, with large myotubes
seen after only 48 h in low serum conditions. In this model, we
observed a down-regulation of C/EBPf protein expression
after 12 h in differentiation medium, and similar to C2C12 cells,
a second wave of C/EBPf3 expression beginning at 24 h in dif-
ferentiation medium and persisting to 72 h (Fig. 1C). Again,
C/EBPB expression varied without underlying changes in
mRNA expression (Fig. 1D), suggesting that the regulation of
C/EBPf expression occurs at the level of mRNA translation or
alternatively, at the level of protein turnover.

To explore the hypothesis that C/EBP 3 levels are regulated at
the level of protein turnover in myoblasts, C2C12 cells cultured
in growth medium or induced to differentiate under low serum
conditions for 24 h were treated with the 26 S proteasome
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inhibitor MG132 for either 6 or 24 h (Fig. 1E). Under growth
conditions, where C/EBPf expression is high, treatment with
MG132 for 24 h had little impact on the expression of the most
highly expressed activating isoform of C/EBP3 (LAP) but mod-
estly increased C/EBPS-LAP* expression (Fig. 1E). Expression
of the inhibitory LIP isoform was not detected in primary myo-
blasts as previously observed (6). Under differentiation condi-
tions, where vehicle-treated cells had low levels of C/EBPS
expression, a 6 h MG132 treatment prevented the rapid loss of
C/EBPB protein and increased the expression of both C/EBP3-
LAP and C/EBPB-LAP* to levels superior to those observed in
growth medium (Fig. 1E). Consistent with previous observa-
tions, in MG132-treated cells where C/EBP levels are high,
MyoD expression was low. Interestingly, MG132 could not pro-
tect MyoD levels, suggesting that the regulation of MyoD
expression by C/EBPf3 is unlikely to be due to proteasomal deg-
radation of MyoD (Fig. 1E). We have shown previously that the
regulation is not due to changes in MyodI mRNA expression
(6).

To identify proteins involved in the accelerated turnover of
C/EBPSB protein during myogenesis, we expressed a GFP-
tagged C/EBP B in C2C12 cells. Following 24 h in differentiation
medium, GFP-C/EBPSB was precipitated and coprecipitated
proteins were identified using mass spectroscopy. This screen
identified the RING finger family E3 ubiquitin ligase Mdm2 as a
C/EBP B-interacting protein.

To characterize the Mdm?2 expression pattern during myo-
genesis, C2C12 myoblasts were induced to differentiate in low
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FIGURE 2. Mdm2 expression is regulated during myogenesis. A, C/EBPj3,
Mdm2, and myogenic marker protein expression in C2C12 myoblasts cul-
tured in GM or induced in DM for 1-9 days. a-Tubulin is a loading control. B,
Western analysis of p53 expression in C2C12 myoblasts in growth medium
(GM) or in differentiation medium (DM) for the time points indicated. a-Tubu-
linis used as a loading control. C, C/EBPB, Mdm2, and myogenic marker pro-
tein expression in primary myoblasts cultured in GM or DM for the indicated
time points in hours.

serum conditions for 9 days (Fig. 24) and extracts were ana-
lyzed by Western blotting. Mdm2 was readily detected in
growth medium, and was up-regulated after 1 day in differen-
tiation medium. Mdm2 expression was then slowly down-reg-
ulated as differentiation progressed, to its lowest levels at day 7
and 9 of differentiation (Fig. 24). Correspondingly, p53 levels
were lowest in GM and early differentiation and rose as differ-
entiation progressed (Fig. 2B). Pax7 expression was also down-
regulated on day 3 while MyoD expression was detected in GM
and was up-regulated on day 1 of differentiation (Fig. 2A).
MyoD levels then steadily decreased until day 9. Myogenin was
up-regulated on day 3, and increased throughout the differen-
tiation process.

In primary myoblasts, Mdm?2 levels were highest after 12 h in
differentiation medium, and were rapidly down-regulated by
24 h of differentiation, a time point corresponding to the up-
regulation of C/EBPS expression (Fig. 2C). As in C2C12 cells,
Pax7 levels were down-regulated early after induction to differ-
entiate and remained low, though detectable at later time
points. MyoD levels were induced at 12 h in DM, when C/EBPf3
levels were low, and again decreased with the re-expression of
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FIGURE 3. Mdm2 interacts with C/EBPf3. A, coimmunoprecipitation assay
using anti-C/EBP (IP:B) antibody, or nonspecific type matched IgG to pull-
down Mdma2. Input (In) is 10% of the material used for immunoprecipitation.
B, coimmunoprecipitation assay using anti-Mdm2 (IP:M) antibody or nonspe-
cific type matched IgG to pulldown C/EBPB. C, GST pulldown assay using
full-length GST-C/EBP (amino acids 1-296; FL), GST-C/EBPf3,_, 5, (C) GST-C/
EBP3;55_506 (N), or GST alone as bait to precipitate in vitro translated Mdm?2
detected by Western blotting. Migration of the GST constructs is indicated by
Coomassie Blue staining (bottom).

C/EBPP at 24 h of treatment (Fig. 2C). Myogenin expression
was up-regulated at 12 h after induction to differentiate and
continued to rise until 48 h in differentiation medium, remain-
ing high at the 72 h time point (Fig. 2C). Taken together, this
data demonstrates an inverse correlation between C/EBP3 and
Mdm?2 expression in early differentiation and reaffirms the neg-
ative influence of C/EBP3 on MyoD protein expression in early
myogenesis.

To validate the interaction between C/EBPB and Mdm?2 in
vivo, C/EBP was immunoprecipitated from C2C12 myoblasts
after 24 h in differentiation medium, and coprecipitated pro-
teins were resolved by SDS-PAGE. While nonspecific type
matched antibodies (IgG) did not co-precipitate Mdm?2, Mdm?2
was efficiently precipitated along with C/EBPB (Fig. 3A).
Immunoprecipitation of Mdm?2 also enriched the coprecipita-
tion of C/EBPSB under these same conditions (Fig. 3B). To
determine which region of C/EBPS interacts with Mdm2, GST-
C/EBP§ (full-length, FL), GST-C/EBP, _;5; (fragment N), and
GST-C/EBPB;5,_»06 (fragment C) were incubated with in vitro
translated Mdm?2. As predicted, while GST alone did not pre-
cipitate Mdm?2, full-length C/EBPp efficiently precipitated the
E3 ubiquitin ligase as did fragment N (amino acids 1-151),
while the C-terminal half of C/EBPS (fragment C, amino acids
152-296) did not precipitate Mdm?2, suggesting that the inter-
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FIGURE 4. Mdm2 ubiquitinates and targets C/EBP for degradation. A, C/EBP3 and Mdm2 protein expression in C2C12 cells lentivirally transduced to
express shRNA against Mdm2 (shMdm2) or a scrambled shRNA (shScr) and induced to differentiate for 24 h during which the last 6 h included MG132 or vehicle
as indicated. a-Tubulin is a loading control. B, in vitro ubiquitination assay in which biotinylated-ubiquitin and GST-C/EBPp (target) was added to C2C12 cell
extract from cells expressing shMdm?2 or shScr. GST-C/EBP precipitates were analyzed for the addition of biotin-ubiquitin using strepavidin-HRP. C, C/EBPS,
Mdmz2, Pax7, and MyoD protein expression in C2C12 myoblasts expressing shMdm2 or shScrin GM or DM for 24 h. D, C/EBP3, Mdm2, Pax7, and MyoD protein
expression in primary myoblasts expressing shMdm2 or shScr in GM or DM for 12 h. E, Western analysis of p53 expression in C2C12 myoblasts lentivirally
transduced to express a shRNA against Mdm2 (shMdm?2) or a scrambled shRNA control (shScr) cultured in GM or induced to differentiate in DM for the time

points indicated.

action site between Mdm2 and C/EBP} lies in the region span-
ning amino acid 1-151 of C/EBPS (Fig. 3C).

To determine if the physical interaction leads to the ubiquiti-
nation and degradation of C/EBPB, we lentivirally trans-
duced C2C12 myoblasts to express a shRNA against Mdm2
(shMdm2) or with a scrambled shRNA (shScr) and assessed
C/EBP protein expression by Western blotting after 24 h in
differentiation medium in the presence or absence of MG132
(Fig. 4A). In control cultures, a 6 h treatment with MG132
increased C/EBP expression when compared with vehicle-
treated cells. In the shMdm?2 cells, where Mdm?2 expression was
knocked down, C/EBP levels were increased in vehicle-treated
cells to a level similar to MG132-treated control cultures, and
this was not further enhanced by treatment with the protea-
some inhibitor (Fig. 44). These results suggested that Mdm?2
targets C/EBPf3 for degradation.

To confirm ubiquitination of C/EBPB by Mdm2, GST-C/
EBPB was incubated with biotinylated ubiquitin in whole cell
extract from differentiating C2C12 cells lentivirally transduced
to express the shMdm2 or with the scrambled control shRNA.
Following pulldown of GST-C/EBPf, ubiquitination was
detected using HRP-conjugated streptavidin. Only in the pres-
ence of biotin-conjugated ubiquitin was a band corresponding
to GST-C/EBPp detected in control cultures (Fig. 4B). When
GST-C/EBPB was incubated in C2C12 extract in which Mdm?2
was knocked down (shMdm2), we detected only a weak band
corresponding to ubiquitin conjugation of C/EBPf3, suggesting
that Mdm?2 is the primary ubiquitin ligase targeting C/EBPf3 in
differentiating myoblasts (Fig. 4B). We then examined the
expression of key myogenic markers in the C2C12 cell lines
(shMdm?2 and shScr) under growth conditions and after 24 h in
differentiation medium. In cells in which Mdm?2 was knocked
down, C/EBPf3 expression was increased in DM to a level com-
parable to shMdm?2 cells and shScr cells in growth medium (Fig.
4C). As before, we also observed an increase in Mdm2 expres-
sion in DM in control cells, but also in shMdm?2 cells, though
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the levels in this cell line were very low and did not induce
further changes in C/EBPf expression (Fig. 4C). Further, as
expected, the switch to differentiation medium lead to a
decrease in Pax7 expression and an increase in MyoD expres-
sion in controls, however in shMdm?2 cells, Pax7 levels were
lower than expected in growth medium, and this level was fur-
ther reduced in DM despite high C/EBP levels, suggesting that
loss of Mdm?2 interferes with normal Pax7 expression inde-
pendent of C/EBP (Fig. 4C). MyoD levels in the shMdm?2 cells
were comparable to the control cells in GM, but down-regu-
lated in DM, corresponding to the high levels of C/EBPS (Fig.
4C).

In primary myoblasts, loss of Mdm2 expression also resulted
in higher levels of C/EBPS which was more prominent than in
C2C12 cells (Fig. 4D). We observed an increase in Mdm?2
expression in control cells after 12 h in differentiation medium
as compared with growth medium. Again, this corresponded to
a decrease in C/EBPf expression and Pax7 expression and an
increase in MyoD expression (Fig. 4D). In shMdm?2 primary
myoblasts, we again observed an overall reduction in Pax7
expression as compared with shScr cells, along with a further
decrease in differentiation conditions. MyoD levels were gen-
erally lower in the shMdm2 cells than in the controls, more so in
DM conditions, consistent with the high C/EBP levels in these
cells (Fig. 4D). Interestingly, loss of Mdm?2 expression did not
result in changes in p53 expression in growth medium or in
early differentiation (Fig. 4E).

To assess Mdm2’s role during myogenesis, we differentiated
the C2C12-shMdm?2 stable cells and controls (Fig. 5) for 7 days
after which cells were immunostained for myosin heavy chain
(MyHC) expression. While large myosin heavy chain positive
myotubes could be observed in the control cultures, very few
MyHC+ cells were observed in the shMdm2 cultures, and
these largely appeared unfused (Fig. 54). Indeed, the differen-
tiation index (#nuclei in MyHC+ cells/total nuclei) was
reduced ~90% in shMdm?2 cultures as compared with scram-
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FIGURE 5. Loss of Mdm2 blocks myogenic differentiation and regenera-
tion. A, immunocytochemistry for myosin heavy chain (MyHC) expression in
C2C12 cells transduced to express shMdm?2 or shScr and induced to differen-
tiate for 7 days. DAPI stain reveals nuclei. B, differentiation index (no. nucleiin
MyHC+ cells/total nuclei) for cells transduced and differentiated as in A. **,
p <0.01, n = 6., cell cycle analysis by flow cytometry in C2C12 cells forced
into G1 arrest, or transduced as in A. Graph indicates the mean percentage of
cells in each phase of the cell cycle = S.D. The % cells in S-phase in shMdm?2
cultures are significantly different (p = 0.044) from shScr controls. All other
comparisons are not significantly different. D, average size of myotubes (no.
nuclei in MyHC+ cells with nuclei>2/no. myotubes) for cells transduced and
differentiated as in A. *, p < 0.05, n = 6. E, Mdm2, C/EBP3, and myogenic
marker protein expression in cells transduced and induced to differentiate as
in A. F, percent of GFP+ fibers in regenerating muscle 2 weeks after injury
with cardiotoxin and transplantation of primary myoblasts isolated from a
GFP transgenic mouse transduced to express shMdm2 or shScr. ***, p <
0.001, n = 6. G, representative images of TA muscle from F. DAPI stains the
nuclei. Scale bar, 25 um.

bled controls (Fig. 5B). This defect in differentiation was not
due to reduced cell numbers in the shMdm?2 cultures, as equal
numbers of cells were induced for differentiation. Indeed, a
significant increase in the number of cells in S phase was noted
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in these cultures without changes in the proportion of cells in
G1 or G2/M phases of the cell cycle (Fig. 5C). Further, the aver-
age size of myotubes containing at least 2 nuclei (# nuclei in
myotubes/# myotubes) was significantly reduced by ~30% in
the Mdm?2 cells (Fig. 5D). Analysis of myogenic protein expres-
sion revealed that while control cultures expressed MyoD and
myogenin after differentiation, the shMdm?2 cultures had dras-
tically reduced expression of these markers, along with high
C/EBP expression (Fig. 5E). Taken together, these results sug-
gest that Mdm?2 expression is required for efficient myogenesis.

To assess myogenesis in the absence of Mdm2 in vivo, we
generated pooled stable cell lines expressing the shMdm2 or
scrambled controls in primary myoblasts isolated from the GFP
mouse. These cells were injected into host C57BL/6 muscle
24 h after injury with cardiotoxin to assess the contribution to
regeneration (Fig. 5, F and G). Two weeks after grafting, the
number of GFP+ fibers was scored and revealed that the
scrambled control cells contributed to muscle repair, with on
average 25% of the muscle fibers expressing GFP (Fig. 5, F and
G). By contrast, only ~5% of the muscle fibers in the muscle
that received shMdm2-expressing myoblasts were GFP-posi-
tive, indicating that the loss of Mdm?2 prevents myoblasts from
participating in myogenesis in vivo.

To determine if loss of C/EBP could rescue differentiation
in the shMdm2 cells, primary myoblasts were isolated from
conditional null mice in which C/EBPB was excised in Pax7+
cells (C/EBPB /") and littermate controls, and were lentivirally
transduced to express the shMdm?2 construct or scrambled
shRNA. Loss of Mdm?2 expression in the WT background
increased C/EBP expression 3 days after induction to differ-
entiate in low serum conditions (Fig. 6A4). Correspondingly,
MyoD levels were lower in these cultures. Further, myogenin
expression was inhibited, consistent with a decrease in myo-
genic differentiation. Loss of C/EBP 3 expression resulted in an
increase in both MyoD and myogenin expression in both con-
trol and shMdm?2 cells, but for myogenin, not to the levels of
controls (Fig. 6A).

Immunostaining for MyHC expression revealed that while
loss of Mdm2 expression inhibited myogenesis in primary myo-
blasts, loss of C/EBP in the presence of Mdm2 enhanced myo-
genesis and resulted in larger myotubes as previously reported
(Fig. 6, B-D) (6). Knock down of both C/EBPB and Mdm?2
restored the differentiation index to control levels, but not to
the level observed in C/EBPB~/" cellsin the presence of Mdm?2,
consistent with our Western analysis (Fig. 6C). Further, while
loss of C/EBPf in the shMdm?2 cells trended toward larger
myotubes, the increase was not statistically significant. Taken
together, these results suggest that the blockade of myogenesis
imposed by loss of Mdm2 is mediated at least in part by
C/EBPB.

DISCUSSION

We and others have demonstrated that C/EBP is regulated
by ubiquitination (25, 26) though the E3 ubiquitin ligase was
unknown. We provide evidence that Mdm2 modifies and tar-
gets C/EBP for degradation by the 26 S proteasome and that
this activity is required for myogenic differentiation. In addi-
tion to C/EBP, Pax7, Pax3, and MyoD are known to be regu-
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FIGURE 6. Loss of C/EBP 3 rescues differentiation in cells lacking Mdm2. A, Mdm2, C/EBP, and myogenic marker protein expression in primary myoblasts
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immunocytochemistry for MyHC expression in differentiated cultures as in A. C, differentiation index for cells transduced and differentiated as in A. Means
indicated with different letters are significantly different from one another, meeting a minimum cut-off of p < 0.05, n = 3. D, average myotube size for cells

transduced and differentiated as in A.

lated by the ubiquitin-proteasome system (27-29). However,
while treatment with proteasome inhibitor protected C/EBPf3
protein levels in early differentiation, MyoD levels were not
protected. Rather, high C/EBPS levels provoked a decline in
MyoD expression. Since the regulation of MyoD expression is
not due to changes in Myod1 mRNA expression (6) and is not
mediated by the 26 S proteasome, a possible mechanism for
regulation would be control of Myod1 translation, potentially
through the C/EBPB-dependent production of a miRNA.
Indeed, Myod1 translation has been shown to be inhibited by
miR-221/222 (30) though regulation of this miR by C/EBP has
yet to be investigated. Further, while loss of Mdm?2 protected
C/EBPS from degradation, Pax7 levels were abnormally low in
both C2C12 and primary myoblasts, despite being a transcrip-
tional target of C/EBP. These results suggest that Mdm2 plays
arole in the maintenance of Pax7 expression in early myogen-
esis that is independent of C/EBP. Mdm?2 has been shown to
act as a regulator of gene transcription, for example by sup-
pressing the activity of Smad transcription factors through
sequestration of Smad4, by inhibiting MyoD-dependent tran-
scription and by stimulating CREB-dependent transcription
(31-34). Mdm?2 can also inhibit mRNA translation and stability
(35, 36).

High levels of Mdm?2 have also been shown to block myogen-
esis in rhabdomyosarcoma cell lines and C2C12 myoblasts (37).
Given the important roles attributed to Mdm?2, it is perhaps not
surprising that the expression of Mdm2 has to be tightly con-
trolled to allow for normal cell growth and differentiation, with
both over and underexpression negatively impacting differen-
tiation. In contrast to the rhabdomyosarcoma model, in our
experiments we studied Mdm2 expression at endogenous levels
and in a loss of function model. When Mdm?2 levels are below
their normal expression early in differentiation, myogenesis is
blocked and this is partially restored by loss of C/EBPf3, indicat-
ing that Mdm?2 expression is required for myogenesis.

Mdm?2 acts early in the myogenic differentiation program,
with only low levels of Mdm2 expression seen once myogenin
expression is up-regulated. Later in differentiation, corre-
sponding to the low Mdm?2 levels, C/EBPS levels are again
increased. In fibroblasts, p19(ARF) is involved in sustaining
C/EBP levels in a p53-independent fashion, suggesting that a
blockade of Mdm2 activity is protective for C/EBPf3, consistent
with our results (38). While it is clear that failure to down-
regulate C/EBPB expression early in differentiation blocks
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myogenesis, and this is Mdm2-dependent, the function of
C/EBP expression in terminal differentiation remains unclear.
It is tempting to speculate that C/EBP3 may be playing a role in
limiting cell fusion, such that loss of C/EBPp results in large
myotubes and larger fibers in vivo (6).

We have identified the amino acids 1-151 of mouse C/EBP3
to be required for the interaction with Mdm2. We have not yet
identified the modified residue or residues, but computational
prediction suggests that lysine 133 in the mouse C/EBP is the
most likely target. Since the C/EBPB-LIP isoform is not pre-
dicted to interact with Mdm2, Mdm?2 may play a role in regu-
lating the LAP/LIP ratios in the cell. A predominance of the LIP
isoform has been shown to influence progression through the
cell cycle (39), to block adipogenesis (40) and to promote onco-
genesis (41). LIP is not expressed in primary myoblasts, and we
did not observe an increase in LIP expression in cells lacking
Mdm?2, however, given its role in oncogenesis, it is of broader
interest to understand the impact on cell growth of Mdm2-
induced changes in cellular LAP/LIP ratios.
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