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p202 is a primarily nuclear, interferon-inducible murine protein that is encoded by the Ifi 202 gene. Over-
expression of p202 in transfected cells retards cell proliferation. p202 modulates the pattern of gene expression
by inhibiting the activity of various transcription factors including NF-kB, c-Fos, c-Jun, E2F-1, and p53. Here
we report that p202 was constitutively expressed in mouse skeletal muscle and that the levels of 202 RNA and
p202 greatly increased during the differentiation of cultured C2C12 myoblasts to myotubes. When overex-
pressed in transfected myoblasts, p202 inhibited the expression of one muscle protein (MyoD) without affecting
the expression of a second one (myogenin). Thus, the decrease in the level of MyoD (but not of myogenin)
during muscle differentiation may be the consequence of the increase in p202 level. Overexpressed p202 also
inhibited the transcriptional activity of both MyoD and myogenin. This inhibition was correlated with an inter-
action of p202 with both proteins, as well as the inhibition by p202 of the sequence-specific binding of both proteins
to DNA. This inhibition of the expression of MyoD and of the transcriptional activity of MyoD and myogenin
may account for the inhibition of the induction of myoblast differentiation by premature overexpression of p202.

p202 is a 52-kDa interferon-inducible, murine protein (19,
21). Upon induction by interferon, p202 accumulates in the
cytoplasm, and after a delay the bulk of it appears in the
nucleus. In metaphase cells, it is primarily chromatin associ-
ated. p202 is a member of the “200 family” of murine proteins
(46). These share homologous 200-amino-acid segments which
are adjacent to the C termini. The proteins are encoded by the
six or more interferon-activatable genes of the “gene 200 clus-
ter” that is located in the q21–q23 domain of murine chromo-
some 1 (55). Three human homologs of these murine proteins
have also been described (11, 24, 25).

Overexpression of p202 in transfected cells retards cell pro-
liferation (19, 20, 49). Studying the mechanism of this effect,
we established that p202 modulates transcription (18, 49). It
inhibits the activities of various transcription factors including
NF-kB p50 and p65, AP-1 c-Fos and c-Jun, E2F-1, E2F-4, and
p53 (16, 18, 22, 49). In c-Fos, c-Jun, E2F-1, and E2F-4, p202
impairs the sequence-specific DNA binding. This impairment
is apparently a consequence, at least in part, of a direct inter-
action of p202 with the DNA binding segments of these tran-
scription factors (49). p202 also binds the murine homolog of
the human p53 binding protein 1 (p53PB1) (22). The binding
to p202 of a segment from this murine homolog overcomes the
p202-mediated inhibition of the transcriptional activities of
p53 and of the AP-1 transcription factors (22). The pocket
region of the hypophosphorylated form of the retinoblastoma
growth suppressor protein is also bound by p202 (20). The
functional consequences of this binding have not been ex-

plored. p202 can also increase the expression of particular
genes. This was first noted in the case of a reporter gene driven
by the 59-flanking segment of the human metallothionein IIA
gene (49).

The study reported here was started by examining the tissue
distribution of 202 RNA in adult mice by Northern blotting.
This revealed that skeletal muscle is among the tissues in which
the constitutive level of 202 RNA is pronounced. Subsequent
experiments indicated that the differentiation of the muscle
precursor myoblasts from the murine C2C12 cultured thigh
muscle cell line (73) to myotubes was accompanied by a de-
layed, severalfold increase in the level of 202 mRNA and
protein.

The expression of p202 in skeletal muscle, together with the
increase in its level during myotube formation, prompted us to
examine whether p202 affects the expression of two muscle-
specific mRNAs and proteins. The two proteins selected,
MyoD (23) and myogenin (27, 71), are members of the myo-
genic basic helix-loop-helix (bHLH) protein family that also
includes the Myf5 (10) and MRF4 (50, 60) proteins. Members
of this family are transcription factors designated muscle reg-
ulatory factors (MRFs) (for recent reviews, see references 12,
44, 47, 51, 54, 58, 61, and 75). The MRFs can form heterodi-
mers with various bHLH E proteins (43). The heterodimers
serve as skeletal muscle-specific transcription factors that bind
to DNA sites called E boxes (consensus sequence CANNTG),
which are functionally important elements in transcriptional
enhancers of muscle differentiation genes (e.g., the muscle
creatine kinase gene) (13, 40, 43). When any member of the
MRFs is ectopically expressed in some nonmyogenic cell types
(e.g., 10T1/2 fibroblasts), expression of various muscle differ-
entiation genes and in some instances fusion of the cells to
myotubes result (2, 15, 23, 63). In general MyoD or Myf5 is
expressed in proliferating myoblasts whereas myogenin and
MRF4 are not expressed until the myoblasts exit the cell cycle
(e.g., in response to mitogen depletion) (47, 54, 61). There are
a large number of positive and negative regulators of skeletal
muscle differentiation. Some of the negative regulators, e.g., Id
proteins (1, 7, 39, 48) and I-mf protein (14), form heterodimers
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with MRF proteins; these do not bind DNA. Differentiation of
skeletal muscle entails transcriptional activation of muscle-
specific genes coupled with irreversible cell cycle withdrawal
(44, 53, 61).

We established that overexpression of p202 in stably trans-
fected C2C12 myoblasts inhibited the expression of MyoD
(without affecting that of myogenin). The level of MyoD (but
not of myogenin) was reported to decrease during the fusion of
myoblasts to myotubes. This decrease in the MyoD level dur-
ing muscle differentiation can thus be correlated with a pro-
nounced increase in the p202 level. Overexpressed p202 also
inhibited the transcriptional activity of both MyoD and myo-
genin. This inhibition was correlated with an interaction of
p202 with both proteins, as well as with the inhibition by p202
of the sequence-specific binding of both proteins to DNA.
Overexpression of p202 prior to the induction of muscle dif-
ferentiation inhibited differentiation. This inhibition may be, at
least in part, the consequence of the inhibition by p202 of the
expression of MyoD and of the transcription factor activity of
MyoD and myogenin.

MATERIALS AND METHODS

Antiserum, interferon, other reagents and cell lines. The preparation of an
antiserum to p202 was reported previously (17). The recombinant human alpha-
2/alpha-1 interferon, 1-83, that is highly active in murine cells was a gift from H.
Weber and C. Weissmann (68). Cell culture media, fetal bovine and horse sera,
and insulin were from Gibco Life Science Technology. AKR-2B cloned murine
embryo cells (33), C2C12 (ATCC-1172-CRL) murine thigh muscle myoblasts
(73), and C3H 10T1/2 (ATCC-226-CCL) cloned murine embryo fibroblasts,
designated 10T1/2 (59), were used.

Plasmids. In the 4RCAT plasmid (70), chloramphenicol acetyltransferase
(CAT) expression is driven by four MyoD binding (R) sites from the muscle-
specific creatine kinase gene. In the MRF4(wt)CAT plasmid (9), CAT expression
is driven by a 390-bp upstream segment from the mouse MRF4 gene. The
MRF4(mut)CAT plasmid (9) is identical to the MRF4(wt)CAT plasmid, except
that in the MRF4(mut)CAT plasmid one E box has been deleted and a second
E box has been mutated (9). In the pSVbgal control plasmid (Promega), which
served as the internal standard for transfection, the expression of the b-galac-
tosidase gene is driven by the simian virus 40 enhancer and promoter. In the
MyoD expression plasmid pCMV-MyoD (36), the expression of the murine
MyoD gene is driven by a cytomegalovirus enhancer. In the mouse myogenin
expression plasmid pEMSVscribe-myogenin (9), mouse myogenin cDNA was
inserted into the pEMSVscribe expression vector.

Cell growth and differentiation, interferon treatment, labeling of cells, cell
lysis, and fractionation of the lysate. Mouse C2C12 myoblasts and mouse 10T1/2
fibroblasts were grown in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 20% fetal bovine serum (growth medium), under 10% CO2–90%
air at 37°C (36, 64). If so indicated, after reaching confluency, the cultures were
shifted to DMEM supplemented with 2% horse serum and 12 mg of insulin per
ml (differentiation medium). Mouse AKR-2B cells were grown in DMEM sup-
plemented with 10% fetal bovine serum under 5% CO2–95% air at 37°C. All the
media were changed every 24 h unless otherwise specified. If so indicated,
AKR-2B and C2C12 cultures at 50 to 60% confluency were treated with 1,000 U
of interferon per ml for the times indicated. The cells were labeled with [35S]me-
thionine as described previously (19). Whole-cell lysates were prepared by lysing
cells in RIPA buffer supplemented with a set of protease inhibitors: 10 mg of
leupeptin per ml, 10 mg of aprotinin per ml, 1 mM sodium benzamidine, and 1
mM phenylmethylsulfonyl fluoride (3). To generate cell lysates for fractionation,
the cells were lysed in buffer A (50 mM HEPES-NaOH [pH 7.6], 150 mM NaCl,
5 mM NaF, 1 mM Na3VO4, 0.5% Nonidet P-40) supplemented with the above
set of protease inhibitors (3). The lysate was divided into nuclear and cytoplasmic
fractions by centrifugation at 2,000 3 g for 5 min (19).

Generation of stable cell lines. Cells from the C2C12 and 10T1/2 lines were
transfected with the type of plasmid indicated by using the calcium phosphate
procedure followed by a glycerol shock (62). At 48 h after transfection, the cells
were dissociated with trypsin and cultured in selective medium containing 1.2 mg
of G418 per ml, the medium being changed every 5 days during the first 2 weeks
and every 2 days thereafter, until individual colonies were picked or pools of at
least 100 colonies were harvested. The cells were maintained in G418, and 3 days
before the indicated experiments they were shifted to the appropriate medium
without G418. The plasmids used encoded murine MyoD (plasmid pCMV-
MyoD), murine myogenin (plasmid pEMSVscribe-myogenin), or p202 (plasmid
pCMV-202).

Transient-transfection assays. 10T1/2 cells grown to confluency in growth
medium in 100-mm dishes were transfected with the plasmids indicated by using
the Lipofectamine procedure (Gibco/BRL). At 48 h after transfection, the cul-

tures were confluent. At this time, the cultures were washed with phosphate-
buffered saline, harvested, and lysed with 200 ml of 0.25 M Tris-Cl (pH 7.6) by
four cycles of freezing in dry ice and thawing at 37°C followed by vortexing. After
centrifugation in the microcentrifuge, the supernatant fractions of the lysates
were stored at 270°C. b-Galactosidase and CAT activities were measured in
20-ml aliquots from the lysates, using the kits from Promega. Aliquots corre-
sponding to equal amounts of internal standard reporter activity were assayed for
test reporter activity.

Northern blotting, dot blotting, and Western blotting. For Northern blotting
and dot blotting, total cytoplasmic RNA was isolated by the guanidine HCl
procedure (62). RNA aliquots (20 mg) were analyzed by electrophoresis on 1.5%
agarose gels by the formaldehyde procedure (62), transferred to Hybond N
membranes (Amersham), and hybridized with 32P-labeled probes (with the kit
from Boehringer Mannheim). For dot blotting, 25-mg aliquots of total cytoplas-
mic RNA were spotted on Hybond N membranes and hybridized as described for
Northern blotting. For Western blotting and immunoprecipitation, the cell cul-
tures were lysed in buffer A supplemented, unless otherwise specified, with the
indicated set of protease inhibitors (3). The protein concentration was deter-
mined by the Bio-Rad assay. Appropriate aliquots were used for Western blot-
ting (i.e., sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immu-
noblotting, with the indicated antisera and the enhanced chemiluminescence
system [Amersham]).

GST-protein binding assay and coimmunoprecipitation. The glutathione S-
transferase (GST)–protein binding assays were performed as described by Datta
et al. (22). GST-MyoD and GST-E47 were purchased from Santa Cruz Biotech-
nology. Coimmunoprecipitations from cell extracts were performed as described
by Datta et al. (22), except that rabbit polyclonal p202 antiserum (49) was used
for immunoprecipitation and immunoaffinity-purified rabbit polyclonal antibod-
ies to MyoD (C20 from Santa Cruz Biotechnology) were used for immunoblot-
ting.

Electrophoretic mobility shift assays with purified GST fusion proteins. Elec-
trophoretic mobility shift assays were performed with the MEF-1 consensus
oligodeoxynucleotide and the mutated MEF-1 oligonucleotide (Santa Cruz Bio-
technology) by the procedures of Lassar et al. (43), except that the identities and
amounts of GST and GST fusion proteins were as indicated and the electro-
phoresis was performed at 140 V at room temperature for 3 to 4 h.

RESULTS

Tissue distribution of 202-specific RNA. We examined the
tissue distribution of 202 mRNA in adult BALB/c mice by
hybridizing a blot of poly(A)1 RNA samples from various
tissues with a labeled 202 cDNA probe (Fig. 1). 202 mRNA
was constitutively expressed in at least six tissues: heart, brain,
spleen, liver, skeletal muscle, and kidney. The detection of 202
RNA in the spleen is consistent with earlier findings (32).

Increase in the 202 mRNA and p202 levels during the dif-
ferentiation of C2C12 myoblasts to myotubes. To examine
whether the expression of the 202 gene changes in the course
of skeletal muscle differentiation, we prepared RNA samples
from cells of the murine thigh muscle line, C2C12 (73), pro-
liferating in growth medium in the form of myoblasts, and also
from cells of the same line that were shifted to differentiation
medium, stopped proliferating, and were undergoing fusion to
multinucleated myotubes. The Northern blot in Fig. 2A reveals
that the density of the 202 RNA-specific band (of the same
mobility as that of 202 RNA induced by interferon in AKR-2B
cells) had increased by 48 h after being shifted to differentia-
tion medium, peaked at about 72 h (the time by which the
conversion to myotubes was complete) at a 4.8-fold-higher
level than that in myoblasts, and slightly decreased by 96 h. An
examination of p202 levels during myotube formation by im-
munoblotting revealed corresponding changes: the density of
the p202 specific band (of the same mobility as that induced by
interferon in AKR-2B cells) started to increase after the
C2C12 cultures were shifted to differentiation medium, peaked
at 72 h, and decreased slightly by 96 h. This was the case for
p202 in the whole-cell extract (Fig. 2B), the cytoplasmic frac-
tion (Fig. 2C), and the nuclear fraction (Fig. 2D), in which the
peak level of p202 was 14-fold higher than that in myoblasts.
The level of p202 in the whole-cell extract remained high, even
increased, in myotubes that were kept in culture for 10 days
(Fig. 2B). In C2C12 myoblasts in growth medium (Fig. 2C and
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D, indicated as 0 h), the level of p202 was approximately 3
times higher in the nuclear fraction than in the cytoplasmic
fraction, whereas during differentiation to myotubes, the level
of p202 rose to similar, high levels in the two fractions. Immu-
nocytochemical localization in C2C12 cells revealed that the
concentration of p202 was higher in the nuclei than in the
cytoplasm (data not shown), suggesting some leakage of p202
from the nuclei during the preparation and fractionation of the
cell extract.

It is noteworthy that during differentiation the level of p202
increased much more (14-fold in the nuclear fraction [Fig. 2D]
and even more in the cytoplasmic fraction) than the level of
202 mRNA (4.8-fold) (Fig. 2A). This indicates that the in-
crease in the level of p202 during differentiation may be a
consequence, in part, of an enhancement in the yield of post-
transcriptional processes (e.g., increased efficiency of transla-
tion and/or diminished protein turnover).

Only after transfection of a MyoD expression plasmid does
incubation of 10T1/2 fibroblasts in differentiation medium in-
duce myotube formation and p202 accumulation; p202 also
accumulates in C2C12 myoblasts treated with alpha/beta in-
terferon. Myotube formation in C2C12 cultures, which was
accompanied by an increase in 202 RNA and p202 levels, was
elicited by shifting the cultures from growth medium to differ-
entiation medium. We wanted to establish whether such a shift
in medium suffices to induce the enhanced expression of the
202 gene or if there is a need for differentiation. For this
purpose, we compared the effect on the p202 level of shifting
from growth medium to differentiation medium for 10T1/2
fibroblasts, which do not form myotubes under such conditions
(10T1/2-V), and 10T1/2 fibroblasts, which carry a transfected
MyoD expression plasmid (10T1/2-MyoD) and do form myo-
tubes (23, 69). The experiments in Fig. 3A and B reveal that
only for the 10T1/2-MyoD culture did the shift to differentia-
tion medium result in an increase in the p202 level (25-fold at

the peak) as well as myotube formation (data not shown).
Under the same conditions, there was no change in the p202
level (or the morphology) in the 10T1/2-V culture. We also
established that interferon, which is known to induce p202 in
various murine cell lines, including AKR-2B fibroblasts (19),
also induced p202 in C2C12 cells (Fig. 3C).

p202 inhibits the expression of endogenous MyoD RNA and
protein without affecting the expression of endogenous myo-
genin RNA. In accord with earlier results (26, 31, 34, 42, 66,
72), we observed that (after a transient increase) the endoge-
nous MyoD RNA and protein levels diminished below detect-
ability by 72 h after the C2C12 culture was shifted from growth
medium to differentiation medium (Fig. 4B and data not
shown). The finding that the level of p202 greatly increased
during muscle differentiation (Fig. 2) and our previous obser-
vation that an increase in the level of p202 strongly impaired
the activities of various enhancers and transcription factors
(18, 22, 49) prompted us to examine whether this decrease in
the endogenous MyoD RNA and protein levels during muscle
differentiation might be a consequence of the increase in the
p202 level. For this study, we generated stable cell lines con-
stitutively overexpressing 202 RNA. In cells from the stable
C2C12 myoblast line carrying a 202 RNA expression plasmid
(cell line C2C12-202), the level of p202 was approximately
3.5-fold higher than in the parental cell line (data not shown).
In this C2C12-202 line MyoD RNA (Fig. 4A) and MyoD pro-
tein (Fig. 4B) were below the detectable level in growth me-
dium and remained below this level after the shift to differen-
tiation medium for at least 48 h for MyoD RNA and for at least
72 h for MyoD protein (Fig. 4). Moreover, the treatment of
C2C12 cultures with interferon (1,000 U per ml for 48 h),
which is known to increase the level of p202 10-fold (Fig. 3C),
also resulted in the disappearance of detectable MyoD RNA
and protein (Fig. 4, lanes IFN1).

We also examined the effect of the overexpression of p202
on the endogenous myogenin RNA level. Cultures of the con-
trol C2C12 line and the C2C12-202 line (stably overexpressing
p202) grown to confluency in growth medium did not contain
detectable amounts of myogenin RNA (Fig. 5). Shifting the
two cultures to differentiation medium resulted, however, in a
similar moderate increase in the myogenin RNA level by 48 h
and a similar strong increase by 72 h. These findings indicate
that an increase in the p202 level in C2C12 myoblasts results in
the inhibition of the expression of MyoD RNA and protein
without affecting the expression of myogenin RNA.

p202 inhibits the transcriptional activity of both MyoD and
myogenin. To establish whether p202 affects not only the ex-
pression but also the transcriptional activity of the MyoD tran-
scription factor, we measured the effect of transfected p202 on
the activity of the 4RCAT reporter plasmid, in which CAT
expression is driven by four MyoD binding (R) sites (70). The
activity of this reporter in 10T1/2 murine fibroblasts was low; it
was increased three- to fourfold upon transfection with a MyoD
expression plasmid (Fig. 6A; compare lanes 1 and 2). Cotrans-
fection of a p202 expression plasmid with the MyoD expression
plasmid inhibited the MyoD activity in a concentration-depen-
dent manner (compare lanes 3 and 4 with lane 2). Exposure to
interferon for 24 or 48 h, which had been shown to result in an
increase in the p202 level, also strongly inhibited the MyoD
transcription factor activity in 10T1/2 cells stably transfected
with the MyoD expression plasmid (data not shown).

To test whether p202 affects the transcriptional activity of
the myogenin transcription factor, we examined the effect of
transfected p202 on the activity of the MRF(wt)CAT reporter
plasmid. CAT expression is driven in this plasmid by a 390-bp
upstream segment from the mouse MRF4 gene that was shown

FIG. 1. Tissue distribution of 202 mRNA in adult mice. A multiple-tissue
Northern (MTN) blot (from Clontech) with 2 mg of poly(A)1 RNA samples from
various tissues of adult BALB/c mice was probed with labeled p202 cDNA. The
probe from the blot was stripped off, and the blot was rehybridized with labeled
glyceraldehyde phosphate dehydrogenase (GAPDH) cDNA. The positions of
size markers (in kilobases) are shown. The positions of the 202 mRNA and
GAPDH mRNA bands are indicated. It should be noted that the major 202 RNA
band from cultured control or interferon-treated fibroblasts is 1.5 kb. It remains
to be established whether the 2.5-kb 202 mRNA present in some tissues is due
to readthrough of transcription, differential splicing, or other causes. The pro-
nounced variation in GAPDH mRNA levels in the different lanes may be be-
cause the mRNA samples were from different tissues. For further details, see
Materials and Methods.
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to be transactivated by myogenin (9). The activity of this re-
porter plasmid in 10T1/2 murine fibroblasts was very low; it
was increased approximately 12-fold upon transfection with a
myogenin expression plasmid (Fig. 6B, compare lanes 1 and 2).
Cotransfection of a p202 expression plasmid with the myoge-
nin expression plasmid inhibited the myogenin transcription
factor activity approximately 12-fold (compare lanes 2 and 5).
As a control plasmid, we used MRF4(mut)CAT (9), in which
one E box has been deleted and a second E box has been
mutated. The low activity of this reporter in 10T1/2 cells was
only slightly (twofold) enhanced by a transfected myogenin
expression plasmid (compare lanes 3 and 4), and the enhanced
activity was not affected by p202 (compare lanes 4 and 6).
These results indicate that p202 can inhibit the transcriptional
activities of both MyoD and myogenin.

Premature overexpression of p202 in C2C12 myoblasts in-
hibits their differentiation to myotubes. MyoD and myogenin
are among the proteins involved in the differentiation of myo-
blasts to myotubes (12, 44, 47, 51, 54, 61, 75). The inhibition
of MyoD expression and transcriptional activity, as well as
myogenin transcriptional activity, by p202 prompted us to test
whether C2C12 myoblasts constitutively overexpressing p202

can be induced to differentiate to myotubes. The photographs
(Fig. 7) illustrate that, as expected, shifting of a confluent
culture of C2C12 (control) myoblasts from growth medium
(Fig. 7A) to differentiation medium (Fig. 7B) resulted in the
fusion of the myoblasts to myotubes. However, a confluent
culture of C2C12 myoblasts stably overexpressing p202 in
growth medium (Fig. 7C) did not form myotubes after being
shifted to differentiation medium (Fig. 7D). These results in-
dicate that overexpression of p202 in myoblasts prior to differ-
entiation inhibits differentiation. It is in accord with this finding
that shifting to differentiation medium failed to induce myo-
tube formation in C2C12 cultures which had been treated with
interferon (1,000 U per ml for 48 h in growth medium), a
treatment known to increase the p202 level at least 10-fold
(compare Fig. 7E and F).

Interferon treatment of chicken myoblast cultures was re-
ported to inhibit cell fusion and myoblast formation (65). How-
ever, interferon treatment of myoblast cultures from human
mature skeletal muscle in enriched medium was found to ac-
celerate myotube formation (29). The basis of this apparent
discrepancy in the effect of interferon on muscle differentiation
is not clear.

FIG. 2. Increase in the 202 mRNA and protein levels during the differentiation of C2C12 myoblasts into myotubes. (A) Increase in the 202 mRNA level. C2C12
cells were grown in growth medium and, upon reaching confluency, were shifted to differentiation medium (0 h). After incubation for the times indicated, cytoplasmic
RNA was isolated and 20-mg samples were assayed for 202 mRNA by Northern blotting with a labeled p202 cDNA probe. The blot was then stripped and reassayed
with a labeled GAPDH cDNA probe. 202 mRNA (serving as a size marker) was induced in AKR-2B cells by treatment with interferon. The 202 mRNA and GAPDH
mRNA bands are indicated. The bands were scanned, the 202 mRNA levels were standardized in terms of GAPDH mRNA, and the extent of 202 mRNA induction
is indicated. (The level of 202 mRNA at 0 h, indicated as 1, was taken as the basis of the comparison.) (B) Increase in the p202 level. C2C12 cells were grown and shifted
to differentiation medium as in panel A. After incubation for the times indicated, the cells were lysed, and 40-mg protein samples were assayed for p202 by Western
blotting with p202 antiserum. The p202 band is indicated. (C and D) Increase in the p202 level in the cytoplasmic and nuclear fractions. C2C12 cells were grown and
shifted to differentiation medium as in panel A. At the times indicated, the cells were lysed, and the lysate was divided into cytoplasmic and nuclear fractions. Protein
samples (40 mg) from the cytoplasmic fraction (C) and the nuclear fraction (D) were assayed for p202 by Western blotting with p202 antiserum. p202 (serving as a size
marker) was induced in AKR-2B cells by treatment with interferon. The bands were scanned, and the extent of p202 induction is indicated. (The level of p202 in the
nuclear fraction at 0 h, indicated as 1, was taken as the basis for comparison for both the nuclear and the cytoplasmic fractions.) The p202 bands are indicated. For
further details, see Materials and Methods.

VOL. 18, 1998 p202 AND SKELETAL MUSCLE DIFFERENTIATION 1077



p202 binds MyoD in vitro and in vivo. As mentioned above,
inhibition of the activity of particular transcription factors by
p202 was correlated in some cases with a direct interaction
between the transcription factors and p202 (18, 49). This con-
sideration, together with the inhibition of the transcription
factor activity of MyoD and myogenin by p202, prompted us to
test for an interaction between these muscle proteins and p202.

To test whether p202 can bind MyoD in vitro, we used a
GST-MyoD fusion protein. When immobilized on glutathione
beads, GST-MyoD retained labeled p202, whereas neither un-
loaded beads nor the beads loaded with GST retained it (Fig.
8A). This indicated an interaction between MyoD and p202 in
vitro. To test for an interaction between p202 and MyoD in
vivo we lysed C2C12 myoblast cultures, immunoprecipitated
the lysates with immunopurified anti-p202 antiserum, and ex-
amined the washed immunoprecipitate for the presence of
MyoD by Western blotting with anti-MyoD antibodies. We
detected coimmunoprecipitation of MyoD protein with p202 in
a lysate from a C2C12 myoblast culture which had been incu-
bated in differentiation medium for 48 h (Fig. 8C). This indi-
cated an interaction between MyoD and p202 in vivo. The
lysates from C2C12 cells in growth medium or differentiation
medium for 24 or 72 h revealed no coprecipitation. The lack of
coprecipitation under these conditions is likely to be because in
growth medium and also in differentiation medium for 24 h the
level of p202 was too low (Fig. 2C and D) and by 72 h in
differentiation medium the level of MyoD protein diminished
to a level that was too low (Fig. 4B). An interaction between
p202 and MyoD in vivo was also revealed by the results of a
yeast two-hybrid assay. For this assay (28, 38, 67), we intro-
duced constructs encoding (i) p202 linked to a DNA binding
segment and (ii) MyoD linked to a transactivator segment into
a yeast culture carrying a b-galactosidase reporter construct
(38). An interaction between p202 and MyoD in the yeast cells
was revealed by a strong b-galactosidase activity (data not shown).

A control experiment in which a negative control protein moi-
ety (i.e., proton pump subunit A1 [37]) was substituted for the
MyoD moiety gave rise to only barely detectable activity.

The positive results of the yeast two-hybrid assay, GST pull-
down assay, and immunoprecipitation assay indicate that p202

FIG. 3. Only after transfection with a MyoD expression plasmid does incu-
bation of 10T1/2 fibroblasts in differentiation medium induce myotube formation
and p202 accumulation. p202 also accumulates in C2C12 myoblasts in response
to interferon. (A and B) 10T1/2 cells which had been stably transfected with the
pCMV vector (10T1/2-V cells) (A) or the pCMV-MyoD expression plasmid
(10T1/2-MyoD cells) (B) were grown in growth medium to confluency and
shifted to differentiation medium (0 h). After incubation for the times indicated,
the cells were lysed, and 40-mg protein samples were assayed for p202 by Western
blotting with p202 antiserum. The extent of p202 induction (B) is indicated. (The
level of p202 at 0 h indicated as 1 was taken as the basis for comparison.) (C)
Induction of p202 by interferon. Cultures of C2C12 cells in growth medium at 50
to 60% confluency were treated with 1,000 U of interferon (IFN) per ml for the
times indicated. p202 was assayed in 40-mg protein samples by Western blotting
with p202 antiserum. The p202 band is indicated. For further details, see Mate-
rials and Methods.

FIG. 4. Overexpression of p202 in stable C2C12 lines, or treatment of C2C12
cells with interferon, decreases the level of endogenous MyoD RNA and MyoD
protein. Dot blot and Western blot analyses are shown. Pairs of dishes of cells
from pools of at least 100 clones of stable C2C12 lines carrying an expression
vector (C2C12) and cells from pools of at least 100 clones of stable C2C12 lines
overexpressing p202 (C2C12-202), as indicated, were cultured in growth medium
(GM). When reaching confluency (GM, 0) some of the dishes were further
incubated in differentiation medium (DM) for 24, 48, or 72 h as indicated. If so
specified (IFN1), when being shifted to differentiation medium the cultures
were also supplemented with 1,000 U of interferon per ml. (A) At the times
indicated, total cytoplasmic RNA was extracted from one set of culture dishes,
and 25-mg RNA samples from each dish were analyzed by dot blotting and
probing with a labeled MyoD cDNA probe. The filters were stripped and rehy-
bridized with labeled 28S rDNA. The MyoD RNA and 28S rDNA dots are
indicated. (B) At the times indicated, total protein was extracted from a second
set of culture dishes and the levels of MyoD protein were assayed in 40-mg
protein samples by Western blotting with anti-MyoD antibodies. The MyoD
protein band is indicated. For further details, see Materials and Methods.

FIG. 5. Overexpression of p202 in stable C2C12 lines does not affect the
increase in the level of endogenous myogenin RNA during incubation in differen-
tiation medium. A dot blot analysis is shown. Pairs of dishes of cells from pools of at
least 100 clones of stable C2C12 lines carrying an expression vector (C2C12) and
cells from pools of at least 100 clones of stable C2C12 lines overexpressing p202
(C2C12-202), as indicated, were cultured in growth medium (GM). When reach-
ing confluency (GM, 0) some of the dishes were further incubated in differentia-
tion medium (DM) for 48 or 72 h as indicated. At the time specified, total cyto-
plasmic RNA was extracted and 25-mg RNA samples from each dish were analyzed
by dot blotting and probing with the labeled segment of myogenin DNA. The
filters were stripped and rehybridized with 28S rDNA. The myogenin and 28S
rRNA dots are indicated. For further details, see Materials and Methods.
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can bind MyoD protein both in vivo and in vitro. The results of
a GST pulldown assay suggest that myogenin may also bind
p202, at least in vitro (Fig. 8B).

p202 inhibits the sequence-specific binding of MyoD and
myogenin to DNA. The inhibition of the transcriptional activity
of the c-Fos, c-Jun, and E2F-1 transcription factors by p202
was correlated with an inhibition of their sequence-specific
binding to DNA (18, 49). This prompted us to establish wheth-
er the inhibition of the transcriptional activity of MyoD and of
myogenin by p202 can also be correlated with an inhibition of
the sequence-specific binding of MyoD and myogenin to DNA
by p202. The electrophoretic mobility shift assays with the
MyoD- and myogenin-specific MEF-1 oligodeoxynucleotide
probe (Fig. 9) indicate that it can.

GST or GST-p202 did not retain the MyoD-specific MEF-1
probe (Fig. 9A, lanes 1 and 4), whereas GST-MyoD and GST-
E47 (an E protein capable of forming a homodimer and also a
heterodimer with MyoD) (43) did (lanes 2 and 3). GST-p202
inhibited the retention of the MEF-1 probe by both GST-

MyoD (lane 6) and GST-E47 (lane 7). A GST-MyoD-GST-
E47 heterodimer retained much more MEF-1 probe than did
either GST-MyoD or GST-E47 (lane 5). This retention by the
heterodimer was also inhibited by GST-p202 (lane 8). As con-
trols, an excess (20-fold) of unlabeled wild-type probe greatly
diminished the retention of the labeled MEF-1 probe by the
heterodimer (compare lanes 5 and 9) whereas the same excess
of unlabeled mutant probe did not (compare lanes 5 and 10).

The data in Fig. 9 reveal that in the electrophoretic mobility
shift assays GST-myogenin (Fig. 9B) behaved similarly to
GST-MyoD (Fig. 9A). Thus, GST-myogenin retained the la-

FIG. 6. Overexpression of p202 inhibits the transcriptional activities of
MyoD and of myogenin in transient-transfection assays. (A) Cultures of 10T1/2
cells were transfected with the 4RCAT reporter plasmid (2.5 mg) in which CAT
expression is driven by four MyoD binding (R) sites from the muscle-specific
creatine kinase gene (lanes 1 to 4), together with 10 mg of the MyoD expression
plasmid (pCMV-MyoD) (lanes 2 to 4) and the p202 expression plasmid (pCMV-
202) in the amounts indicated in micrograms (lanes 3 and 4). In each case, a
pSVgal internal control plasmid (3.6 mg) was cotransfected and the expression
vector (pCMV) was used to bring the total amount of DNA transfected to 30 mg.
At 48 h after starting the transfection, the reporter activities were assayed in the
cell lysates after normalization with the internal standard. Normalized CAT
activity in the experiment in lane 1 was defined as 1. (B) Cultures of 10T1/2 cells
were transfected with the MRF4(wt)CAT reporter plasmid (5 mg) (lanes 1, 2,
and 5), in which CAT expression is driven by a 390-bp segment from the MRF4
gene, or the MRF4(mut)CAT reporter plasmid (5 mg) (lanes 3, 4, and 6), which
differs from MRF4(wt)CAT by deletion of one E box and mutation of a second
one. If so indicated, the myogenin expression plasmid (pEMSVscribe-myogenin)
(10 mg) (lanes 2, 4, 5, and 6) and the p202 expression plasmid (pCMV-202) (10
mg) (lanes 5 and 6) were also transfected. In each case, pSVgal (internal control
plasmid) (3.6 mg) was cotransfected. Salmon sperm DNA was used to bring the
total amount of DNA transfected to 30 mg. At 48 h after starting the transfection,
cell lysates were prepared and assayed for CAT activity as described for panel A.
For further details, see Materials and Methods.

FIG. 7. Constitutive overexpression of p202, or treatment with interferon,
inhibits the differentiation of C2C12 myoblasts into myotubes. Pooled stable
C2C12 cell lines carrying a pCMV expression vector (serving as control [CON]) (A
and B) or pCMV-202, a 202 RNA expression plasmid (202) (C and D), were cul-
tured in growth medium (GM) to confluency (A and C) and were shifted to
differentiation medium (DM) for 72 h (B and D). Two more dishes of C2C12
cells were cultured in growth medium to 30 to 40% confluency. Thereafter, one
of the dishes was supplemented with 1,000 U of interferon per ml (CON, IFN)
(F), and the other dish served as control (CON) (E); both dishes were incubated
for 48 h in growth medium and then shifted to differentiation medium for 72 h.
The cultures were examined under the microscope at a 400-fold magnification
(372-fold magnificaion shown in figure). Bar, 200 mm. For further details, see
Materials and Methods.
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beled MEF-1 probe (Fig. 9B, lane 2). This retention was over-
come by GST-202 (lane 6) and was greatly increased by GST-
E47 (lane 5). This increased retention by the GST-myogenin–
GST-E47 heterodimer was also inhibited by GST-202 (lane 8)
and was greatly diminished by excess unlabeled wild-type
probe (lane 9) but not by excess mutant probe (lane 10). The
data in Fig. 9 indicate that purified GST-p202 can inhibit the
sequence-specific binding of purified GST-MyoD and GST-
myogenin to DNA.

DISCUSSION

The data presented above indicate a strong (over 14-fold)
increase in the level of p202 during the differentiation of cul-
tured C2C12 myoblasts to myotubes. Part of this increase de-
pended on induction by endogenous interferon: incubation in
differentiation medium of secondary thigh muscle cultures
from mice lacking functional alpha/beta interferon receptors
(IFN-a/b R0/0 mice from M. Aguet [52]) resulted in only one-
third as much increase in the p202 level as did incubation of
such cultures from control mice (not shown). This involvement
of endogenous interferon in increasing the level of p202 during
skeletal muscle differentiation is in line with earlier findings;
i.e., different hematopoietic cells were found to produce
minute amounts of beta (related) interferon following induc-
tion of differentiation by various natural inducers (30, 74).

p202 is not the only interferon-inducible protein whose level
increases during muscle differentiation. The activities of some

other interferon-inducible proteins, e.g., 29,59-oligoadenylate
synthetases and double-stranded RNA-activatable protein ki-
nase, were reported to increase transiently during the fusion of
rat thigh muscle cells in vitro (8).

The ability of p202 to inhibit the activity of various transcrip-
tion factors (18, 22, 49) prompted us to test whether p202
affects the expression of muscle-specific genes. For this pur-
pose, we generated stable C2C12 lines in which the level of
p202 was overexpressed in consequence of the transfection of
a p202 expression plasmid. In cultures from these lines (pro-
liferating in growth medium or incubated in differentiation
medium), the levels of MyoD RNA and protein were dimin-
ished below detectability. Such a strong decrease in the MyoD
RNA and protein levels was reported previously to occur dur-
ing skeletal muscle differentiation (26, 31, 34, 42). Our data
suggest that this decrease may be the consequence of the
pronounced increase in the level of p202 during differentiation
together with the inhibitory effect of p202 on MyoD expres-
sion. The enhancers in the MyoD gene whose activity is sus-
ceptible to inhibition by p202 and which account for the inhi-
bition of MyoD expression by the increased level of p202
remain to be identified. The identification will be facilitated by
the fact that overexpression of p202 also inhibited the expres-
sion of reporter constructs in which CAT expression was driven
by the 59-flanking region of the mouse MyoD gene (data not
shown). The identification of the MyoD enhancer(s) in ques-
tion will make it possible to establish whether p202 inhibits the
binding of transcription factors to the enhancer(s) (as it does,
e.g., for c-Fos, c-Jun, and E2F-1) or whether it acts in a dif-
ferent manner (e.g., as for NF-kB [18, 49]). p202 does not
uniformly inhibit the expression of muscle-specific genes, since
the expression of myogenin (whose level strongly increases
during differentiation) was unaffected by the overexpression of
p202.

Whereas p202 inhibited the expression of MyoD but not of
myogenin, it inhibited the transcriptional activity of both
MyoD and myogenin. This inhibition of transcriptional activity
was correlated with a protein-protein interaction, both in vitro
and in vivo for p202 and MyoD and at least in vitro for p202
and myogenin. Moreover, p202 inhibited the sequence-specific
binding to DNA of both MyoD (also in complex with E47) and
myogenin (also in complex with E47). It is likely that the
inhibition of the transcriptional activity of both MyoD and
myogenin by p202 is the consequence of this inhibition of their
sequence-specific binding to DNA.

MyoD and myogenin can thus be added to the set of proteins
found to bind p202. This set also includes pRb, c-Fos, c-Jun,
NF-kB p50 and p65, E2F-1, E2F-4, and p53 binding protein 1
(16, 18, 20, 22, 49). With the exception of pRb and p53 binding
protein 1, all of the above are transcription factors, and p202
was shown to inhibit their transcriptional activity. Further-
more, all these transcription factors including MyoD and myo-
genin are bHLH proteins.

The finding that an alteration in the p202 level changed the
expression as well as the transcriptional activity of muscle-
specific proteins prompted us to examine the effect of an in-
crease in the p202 level on the induction of differentiation of
cultured C2C12 myoblasts. Overexpression of p202 in stably
transfected myoblasts inhibited myotube formation as trig-
gered by shifting the culture from growth medium to differen-
tiation medium. This inhibition was in line with the finding that
treatment with interferon—which induces p202—also inhib-
ited myotube formation. The inhibition of MyoD expression as
well as of MyoD and myogenin transcription factor activity by
overexpressed p202 and conceivably also the binding of p202 to
the retinoblastoma protein (pRB) (20), reported to be involved

FIG. 8. Interaction of p202 with MyoD and with myogenin in in vivo and in
vitro assays. (A and B) GST-protein binding assay for testing the binding in vitro
of [35S]methionine-labeled p202 translated in a rabbit reticulocyte lysate (10 ml)
to glutathione beads (Beads), to GST (0.5 mg) bound to glutathione beads
(GST), or to GST-MyoD (0.5 mg) bound to glutathione beads (GST-MyoD) (A)
or GST-myogenin (0.5 mg) bound to glutathione beads (GST-myogenin) (B).
After the beads were washed, the bound protein was eluted and analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorography. (C)
Binding of p202 to MyoD protein as assayed by coimmunoprecipitation. C2C12
cultures were grown to confluency in growth medium (GM), shifted to differen-
tiation medium (DM), and further incubated. At the times indicated (in hours),
the cells were lysed in the presence of protease inhibitors, and 100-mg aliquots
were used for immunoprecipitation assays with the anti-p202 antiserum. The
immunoprecipitates were analyzed by Western blotting with an immunoaffinity-
purified anti-MyoD antiserum. The MyoD and immunoglobulin G light-chain
[IgG(L)] protein bands are indicated. For further details, see Materials and
Methods.
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in muscle differentiation, might account for this inhibition of
the induction of muscle differentiation by p202 (35, 36, 64). It
seems paradoxical that an increase in the p202 level blocks the
induction of muscle differentiation, since the p202 level is
greatly increased during the differentiation. However, it starts
to increase only about 24 h after the induction of differentia-
tion (Fig. 2A), whereas the high p202 level inhibiting differen-
tiation was established prior to the induction of differentiation.

More remains to be learned about the biological significance
of the increase in the p202 level during muscle differentiation.
The available data suggest that one of the prerequisites for
skeletal muscle differentiation is that the myoblasts terminally
exit from the cell cycle. p202, whose overexpression was found
to inhibit the proliferation of various cell lines, is likely to
contribute to this exit. Moreover, the increase in the p202 level
can account for the decrease in the MyoD protein level and
activity occurring in the course of differentiation. It is probable,
however, that p202 will also turn out to affect muscle differ-
entiation in further, as yet unexpected, ways.

The data presented make it conceivable that the interferon
system may have coopted for its own purposes p202, a protein
involved in processes (e.g., muscle differentiation) apparently
distinct from interferon action. The situation might resemble
that of the double-stranded RNA unwindase-deaminase (4, 5).
This enzyme, which was shown to function in RNA editing
(41), is also strongly induced by interferon (56, 57), and when
overexpressed in consequence of the induction, it is thought to
play a role in blocking RNA virus multiplication (6, 57).

However, several interferon-inducible proteins (other than

p202), e.g., 29-59 oligoadenylate synthetase and RNA-activat-
able protein kinase, are induced during differentiation (e.g., of
muscle), presumably by endogenous interferon (8; see also
references 11 and 24). Furthermore, similarly to p202, 29-59
oligoadenylate synthetase and RNA-activatable protein kinase
may contribute to the inhibition of cell proliferation (45),
which may be a prerequisite for differentiation. These facts
make it more likely that the interferon system is a component
of the machinery of differentiation.
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