
B*2705 was not due to a quantitative 
effect, because peptide 4 generated a more 
stable conformation of B*2705 molecules 
(Fig. 3A) yet did not restore protection 
from any NK clone (Fig. 3B). The protec­
tive effect of peptide 1 required B*2705 
expression: Untransfected RMA-S and T2 
cells incubated with peptide 1 were still 
lysed by NK cells (Fig. 4). Data obtained 
with T2-B27 cells confirmed the protec­
tive effect of peptide 1 with clones 2wA-
29 and 2w-14/ClR (Fig. 4). 

The requirement for a specific peptide in 
the formation of a protective structure virtu­
ally eliminates the possibility that NK cells 
are triggered by a target structure bound to 
class I and released by peptide binding, as 
postulated by the masking hypothesis (2). 
The peptide specificity in class I recognition 
by NK cells can explain the heterogeneity 
among NK clones in their ability to lyse 
virus-infected targets (24): The loss of pro­
tection from NK lysis caused by virus infec­
tion no longer implies replacement of most 
endogenous peptides but could occur 
through interference with the formation of 
specific class I-peptide complexes. 

Our data show that a fully assembled 
class I molecule is competent for an effec­
tive interaction with NK receptors, as mea­
sured by the protection of target cells from 
NK-mediated lysis, and that peptides con­
tribute directly to such protective confor­
mations. In addition, NK cells exhibit pep­
tide specificity, as suggested by the distinct 
sensitivity of different NK clones to single 
amino acid changes in the peptide binding 
site and as demonstrated by the ability of 
two NK clones to discriminate among four 
peptide-dependent configurations of the 
same B*2705 molecule. These results also 
imply the existence of multiple NK recep­
tors able to distinguish among different 
class I-peptide complexes. 
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Fig. 4. The protection from lysis provided by pep­
tide 1 is dependent on B*2705 expression, both in 
RMA-S and in T2 cells. (A) Lysis by NK clone 
2wA-29 (effectontarget ratio of 0.5) of the indicat­
ed cells incubated without (shaded bars) or with 
peptide 1 (filled bars) as in Fig. 3. (B) Lysis by NK 
c lone2w-14/C1Rasin(A) . 
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Correlation of Terminal Cell Cycle Arrest of 
Skeletal Muscle with Induction of p21 by MyoD 

Orna Halevy,*f Bennett G. Novitch,* Douglas B. Spicer, 
Stephen X. Skapek, James Rhee, Gregory J. Hannon, 

David Beach, Andrew B. Lassart 

Skeletal muscle differentiation entails the coordination of muscle-specific gene ex­
pression and terminal withdrawal from the cell cycle. This cell cycle arrest in the G0 

phase requires the retinoblastoma tumor suppressor protein (Rb). The function of Rb 
is negatively regulated by cyclin-dependent kinases (Cdks), which are controlled by 
Cdk inhibitors. Expression of MyoD, a skeletal muscle-specific transcriptional regu­
lator, activated the expression of the Cdk inhibitor p21 during differentiation of murine 
myocytes and in nonmyogenic cells. MyoD-mediated induction of p21 did not require 
the tumor suppressor protein p53 and correlated with cell cycle withdrawal. Thus, MyoD 
may induce terminal cell cycle arrest during skeletal muscle differentiation by increasing 
the expression of p21. 

JViyogenic basic helix-loop-helix (bHLH) 
proteins, such as MyoD, promote skeletal 
muscle-specific gene expression and perma­
nent cell cycle arrest (I) . Forced expression 
of MyoD can inhibit cell cycle progression 
independently of muscle differentiation (2), 
but the molecular basis for this effect and its 
relation to differentiation of normal skeletal 
muscle are not known. Members of the 
retinoblastoma family of tumor suppressor 

proteins are important for myogenic differ­
entiation. Their inactivation by viral onco­
proteins both blocks differentiation and in­
duces DNA synthesis in otherwise termi­
nally differentiated myocytes [reviewed in 
(3)]. A specific role for Rb has been dem­
onstrated as differentiated skeletal muscle 
cells express large amounts of hypophos-
phorylated (active) Rb (4, 5), and specific 
loss of Rb through gene inactivation pre-
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Table 1. lnduction of p21 by MyoD in CV1 and 
U20S cells correlates with cell cycle arrest. Both 
cell lines were transiently transfected with CMV- 
MyoD (pCSA-MyoD) and maintained in GM. The 
induction of p21 was monitored by simultaneous 
immunostaining for MyoD and p21 (Fig. 3C). DNA 
synthesis was evaluated by measuring the uptake 
of the thymidine analog BrdU over a 24-hour peri- 
od in a parallel dish of each cell type stained for 
MyoD (37). At least 300 cells were counted in each 
category, and results are representative of multiple 
experiments performed. 

G D R  A --- B C2 1 OTMyoD 

Hours 0 6 12 24 36 48 96 0 6 12 24 36 48 96 
~ N O O N O C 3 N O  u - - o - - u -  -- r 0 - 

- - 

MyoD+ cells M y o D  cells 
Cell 
type p21+ BrdU- p21+ BrdU- 

("/.I ("/.I ("/.I ("/.) 

CV1 46.7 50.3 1.5 1.9 
U20S 13.0 14.5 5.2 3.2 Fig. 1. Expression of p21 induced by MyoD during muscle differ- C 1 0 ~ 1 ~  ~ W D  ~2 

entiation. (A) Northern (RNA) analysis of total RNA isolated from --- 
G D R G D R G D  

10T1/2 fibroblasts (lanes 1.4, and 7). C2 myoblasts (lanes 2.5, and 
8), and 10TMyoD cells (1 0T1/2 cells expressing retroviral MyoD: P - 
lanes 3, 6, and 9) (291. RNA was isolated from proliferating cells ,.- *. 
ma~ntained in GM (G, lanes I to 3), confluent cells maintained for 96 
hours In DM (D, lanes 4 to 6), or cells that had been maintained in DM 
for 96 hours and then in GM for 24 hours (R, lanes 7 to 9). Amounts of p21, p27. MyoD. and myosin light 
chain (MLC 1,3) RNA were determined. Viral (Exo.) and cellular (Endo.) transcripts encoding MyoD are 
indicated. (6) Time course of p21 induction. RNA was obtained from C2 (lanes 1 to 7) or 10TMyoD 
myoblasts (lanes 8 to 14) incubated in DM for the times indicated. Amounts of p21, p53, myogenin, and 
myosin light chain (MLC 1,3) RNA were determined by Northern analysis. (C) Protein immunoblotting of 
p21 and p27 from 10T1/2, IOTMyoD, and C2 cells cultured as in (A) (29). 

vents the normal Go arrest observed in dif- 
ferentiated skeletal muscle (6, 7). 

Because Rb is essential in maintaining - 
the postmitotic state o f  differentiated myo- 
cvtes, we sought to  determine the mecha- , . - 
nism that ensures that Rb remains function- 
ally active in these cells. Rb family members 
are functionally regulated by Cdks and their 
regulatory partners, the cyclins (8). One 
mechanism by which these molecules regu- 
late the transition from the GI phase to  the 
S phase o f  the cell cycle is phosphorylation 
o f  Rb, which relieves repression o f  cellular 
transcription factor complexes such as E2F- 
D P  resulting in activation o f  genes impor- 
tant for the ini t iat ion o f  DNA synthesis (9). 
Molecules that inhibit the activitv o f  Cdks 

Expression o f  both p21 RNA and protein 
was induced during differentiation o f  C 2  
muscle cells (Fig. 1, A and C). In contrast, 
p21 RNA and protein amounts decreased in 
10T1/2 fibroblasts that were incubated under 
the same low-serum conditions used t o  in- 
duce muscle differentiation (differentiation 
medium, DM). However, when 10T1/2 cells 
were stably infected w i th  a retrovirus encod- 
ing M y o D  (10TMyoD cells) and incubated 
in DM, p21 expression was then induced 
(Fig. 1, A and C). In both C 2  and lOTMyoD 
myoblasts, induction o f  p21 RNA was de- 

tectable after 12 hours in DM and steadily 
increased up t o  96 hours (Fig. 1B). The  
increase in the amount o f  p2 1 RNA slightly 
preceded the expression o f  muscle differen- 
tiation markers (myogenin and myosin l ight 
chain), suggesting that p21 may be directly 
induced by MyoD. Because differentiated 
myotubes do n o t  re-enter the cell cycle in 
response to  mitogen stimulation, we deter- 
mined whether p2 1 expression persisted un- 
der these conditions. Indeed. enhanced ex- 

have been identified: p21 (also known as 
WAF1, CIP1, CAPZO, sdil, and P ic l )  (10- 
12), p27 (also known as p27Kip1) (1 3, 14), 
p16 (also known as p161NK4) (15), and p15 
(also known as p151NK4B) (1 6). Because Cdk 
inhibitors inactivate negative regulators of 
Rb, these molecules may positively regulate 
Rb function. Indeed, overexpression o f  p21 
or p27 induces cell cycle arrest (10, 11, 14), 
as does overexpression o f  Rb (17). There- 
fore, we hypothesized that  myogenic factors 
might  indirectly regulate Rb funct ion by  
inducing the expression o f  Cdk inhibi tory 
proteins. 

pression o f  p21 was maintained in differen- 
tiated muscle cells after re-addition o f  

Fig. 2. lnduction of p21 by A 
MyoD in the absence of p53. 
(A) Northern analysls of p21 PI 

expression In w~ld-type MY' 
(lanes 1, 2, 5, and 6) anc P21 , 
p53-deficient (lanes 3, 4, 7 
and 8) mouse primary em- MLC 1,3 
bryonlc fibroblasts 129) Sub 
confluent fibroblasts were ommamamm 

rRNA .- ,d '* ? 

ether mock-~nfected (odd 
lanes) or Infected w~th an 1 2 3 4 5 6 7 8  
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Lassar, Department of Biological Chemistry and Molec- 
ular Pharmacology, Haward Medical School, Boston, MA 
021 15, USA. 
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ecotropic MyoD retrovirus 
(even lanes) (27). RNA was subsequently harvested from 
either proliferating cells maintained in GM (G, lanes 1 to 4) 
or from cells incubated for 48 hours in DM (D, lanes 5 to 8). 
Shorter exposures of the autoradiograph indicated that 
MyoD similarly induced expression of p21 in w~ld-type fl- 
broblasts. MLC 1,3; myosin l~ght chain. (BI Transcriptional 
activation of p21 promoter constructs by MyoD (30). The 
p53-deficient fibroblasts were transfected with WWP-p21- 
Luc or DM-p21-Luc (10) and either, 
CMV-MyoD (pCSA-MyoD) (lanes 2 ar 
that achieved in the absence of MyoD 
a representative experiment are displ: 
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growth medium (GM) (Fig. 1, A and C). 
The amount of p27 RNA remained rela- 

tively constant in both proliferating and se- 
mm-deprived fibroblasts and myogenic cells 
(Fig. 1A). However, the amount of p27 pro- 
tein increased in confluent cultures of both 
fibroblasts and myogenic cells incubated in 
DM, and the amount remained elevated in 
these cultures after addition of GM (Fig. 
1C). Thus, the amount of p27 protein seems 
to be posttranscriptionally modulated, per- 
haps by cell-cell contact, independently of 
the muscle differentiation program. 

Because p21 is a p53-inducible gene (10, 
18), we determined whether MyoD-mediat- 
ed p2 1 expression requires p53 by infecting 
p53-deficient mouse primary embryonic fi- 
broblasts (1 9) with retroviral MyoD. Where- 
as wild-type primary fibroblasts expressed 
large amounts of p21 RNA under both se- 
mm-rich and serum-poor conditions, p53- 
deficient fibroblasts lacked detectable ex- 
pression of p21 RNA unless infected with 
MyoD and incubated in DM (Fig. 2A). Sim- 
ilarly, MyoD activated a p21 promoter-lu- 
ciferase construct in these cells that either 
contained (WWP-p21-luc) or lacked (DM- 
p21-luc) an upstream p53 response element 
(10) (Fig. 2B), demonstrating that MyoD 
can transcriptionally activate the p21 pro- 
moter in the absence of p53. The p53-defi- 
cient myotubes remained arrested in Go 
when cultured in GM (6), indicating that 
both terminal cell cycle withdrawal and in- 
duction of p21 can occur independently of 
p53 in skeletal muscle. However, p53 RNA 
expression was transiently increased during 
muscle differentiation (Fig. 1B) (20) and 
may act synergistically with MyoD to acti- 

m.a-dp21 tymin(;?rll  cellsinthe 
absenceofmusdediff~.(A)Nortfiwnanal- 
ys iSof to ta lRNA~f romCV1 (lanes1 and2)ff 
CVMyoD(lanes3and4)oeHs(29). RNAwasobtainad 
from cells m a i m  either in GM (G, lanes 1 and 3) 
orDM(D, lanes2and4). (B)GrowthmofCVl p) 
and CVMyoD (0) cells. ldenticd nunbers of CVl and 
CVMyoOce#swerepbtedondayl andmaMahedin 
GM. At the indicated day, cells were detached with 
tFjp8it-t-EDTA and canted. (C) hMlclnofluoregcence 
OfCVl ~ ~ e n t l y ~ e d w i t h C M V - M y O D .  
Aft~~,cel lsweremaintainedinGMfor72 
hours, fbced, and stained for DNA (DAPI, I& panel), 

I MyoD (middle d, and P21 (ri€m penel) (37). 

vate p21 expression in wild-type cells. 
MyoD can induce cell cycle arrest in 

some cell types, such as CV1 cells, that 
cannot be induced to express any markers of 
muscle differentiation (21 ), suggesting that 
MyoD-induced cell cycle arrest can be un- 
coupled from muscle differentiation (2). To 
see whether induction of p21 correlates 
with the ability of MyoD to induce cell 
cycle arrest in the absence of muscle differ- 
entiation, we transiently transfected CV1 
cells with a MyoD expression plasmid 
(CMV-MyoD). Approximately the same 
proportion of MyoD-positive CV1 cells that 
expressed p21 (Fig. 3C) also failed to syn- 
thesize new DNA (Table 1). This correla- 
tion was also observed in human osteosar- 
coma cells (U20S) that can be induced to 
differentiate into skeletal muscle by MyoD 
(5). Therefore, forced expression of MyoD 
may lead to cell cycle arrest through the 
induction of p2 1. 

We also monitored p21 expression in a 
nonmyogenic line of CV1 cells that stably 
expresses large amounts of ectopic MyoD 
(CVMyoD cells). Proliferating parental 
CV1 cells expressed small amounts of p21 
RNA (Fig. 3A) and protein (6) which in- 
creased when these cells were deprived of 
serum. In contrast, CVMyoD cells ex- 
pressed large amounts of p21 RNA and 
protein in the presence of either high or low 
concentrations of serum. Accordingly, 
these cells grew more slowly than the pa- 
rental cell line (Fig. 3B). Whereas MyoD- 
mediated induction of p21 in muscle cells is 
restricted to differentiated cells, MyoD 
can apparently induce p21 amounts in 
CV1 cells maintained in GM that are com- 

B a 

1UTlR C2 
st E -- I Z g .L L 

G D G D  n E f  

Fig. 4. Absence of myogenic bHLH proteins from 
E2F complexes in muscle cells. (A) Electrophoretic 
mobility-shift assay (EMSA) of E2F site binding ac- 
tivities in nuclear extracts from 10T1/2 fibroblasts 
or C2 myoblasts that were maintained either in GM 
(G, lanes 1 and 3) or DM for 72 hours (D, lanes 2 
and 4) (32). (B) EMSA of MEF1 site binding activities 
in nuclear extracts from differentiated C2 myo- 
tubes. Before gel electrophoresis, extracts were 
incubated with either buffer alone or the indicated 
monoclonal antibodies. MGN, myogenin. (C) 
EMSA of E2F binding site activities in nuclear ex- 
tracts from either proliferating (lanes 1 to 5) or dif- 
ferentiated (lanes 6 to 10) C2 myocytes incubated 
with antibodies as in (B). 

patible with continued cell proliferation. 
It has been suggested that MyoD pro- 

motes cell cycle arrest by directly binding to 
and affecting the function of Rb (5, 7), 
which mediates cell cycle arrest by interact- 
ing with E2F-DP complexes (9). Thus, if a 
direct MyoD-Rb interaction plays a role in 
cell cycle withdrawal, myogenic bHLH fac- 
tors may be associated with Rb-E2F com- 
plexes in differentiated skeletal muscle. Pro- 
liferating fibroblasts and myoblasts con- 
tained several E2F binding activities, one of 
which was a prominent slowly migrating spe- 
cies (Fig. 4A). In both serum-deprived fibro- 
blasts and differentiated myotubes, the faster 
migrating E2F binding activities disappeared, 
and a slowly migrating species that had not 
been present in proliferating cells accumu- 
lated. Antibodies to Rb or p107 supershifted 
the most slowly migrating E2F binding spe- 
cies from both proliferating myoblasts and 
differentiated myotubes (Fig. 4C). The 
prominent faster migrating E2F binding spe- 
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Fig. 5. A positive feed- 
back loop maintains per- A 
manent cell cycle with- Differentiation Proliferation Differentiation 
drawal of differentiated 
myocytes. (A) Active cy- t f t 
cl~n Dl-Cdk4 complexes I I 
both drive the cell cycle Cyclin DI --------I M ~ O D  

I 1 
Cyclin Dl --I MyoD 

and inhibit the activity of Cdk4 
MyoD in proliferating 
myoblasts. (B) After mus- 
cle differentiation is initiat- 

T 2 ..I cdki 2 , / 
ed, MyoD activates the p27 ~ 2 7  
expression of p21 which, 
together with other Cdk ~nhibitors such as p27, inhibits Cdk activity and thereby maintains cell cycle arrest 
and ensures that MyoD remains active. In these models, active regulators are shaded black and inactive 
(suppressed or below threshold) regulators are shaded gray. 

cies that was induced in both serum-de- 
prived fibroblasts and differentiated myo- 
tubes did not contain Rb or p107, but was 
specifically supershifted by a n  antibody to 
p130 (22). Antibodies to MyoD or myoge- 
nin did not alter the electrophoretic mobility 
of E2F complexes from either myoblasts or 
myotubes (Fig. 4C), though they either su- 
oershifted or eliminated  rotei in-DNA com- 
plexes containing a MEFl site oligomer 
bound by MyoD or myogenin complexes, 
respectively (Fig. 4B). The absence of asso- 
ciated myogenic factors in E2F complexes 
present in muscle cell extracts is consistent 
with the identical electrophoretic mobility 
of E2F-Rb, E2F-p107, and E2F-p130 com- 
plexes in both fibroblasts and myogenic cells 
(Fig. 4A). Taken together, these data are 
consistent with MyoD regulating the activity 
of Rb through an indirect mechanism (23). 

Forced expression of cyclin D l  inhibits 
the ability of MyoD to activate the transcrip- 
tion of muscle-specific genes (24, 25). We 
have also found that ectopic expression of 
Cdk inhibitors (p21 and p16) in myoblasts 
maintained in high serum Dromotes differen- 

w 

tiation (25). Therefore, we propose that in- 
duction of Cdk inhibitors by either cell-cell 
contact (p27) or muscle differentiation 
(p21) activates a positive regulatory loop 
that ensures that MvoD remains functionallv 
active in differentiaied myotubes in the pres: 
ence of growth factors and that differentiat- 

w 

ed muscle cells remain terminally withdrawn 
from the cell cycle (Fig. 5). Indeed, hetero- 
karyon analyses have indicated that differen- 
tiated myocytes contain a dominant inhibi- 
tor of cell cycle progression (26). Induction 
of p21 has also been observed in the differ- 
entiation of intestinal epithelial cells in vivo 
(27) and keratinocytes in vitro (28), suggest- 
ing that induction of Cdk inhibitors may 
contribute to either the initiation or main- 
tenance of terminal differentiation in a num- 
ber of cell types. 
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Cells were grown In Dulbecco's modifled Eagle's me- 
dium (DMEM) supplemented wlth fetal bovine serum 
120%) iarowth medlumi. Cells were differentiated in 
~ ~ ~ ~ ' c o n t a i n n g  horse serum (2%) and insulin (10 
ualml! idfferentation medlumi for the tmes ndcated. , -  , ,  
Northern analysis was performed essentially as de- 
scribed (20). Relat~ve amounts and integrity of ribo- 
somal RNA (rRNA) were evaluated by staining nylon 
membranes with methylene blue. The mouse p21 
probe was provided by W. El-Deiry ( lo),  and the 
mouse p27 probe was provided by J. Massague (14). 
For protein ~mmunoblot analysis, cells were ysed es- 
sentially as described by Y. Xlong, H. Zhang, D. 
Beach, Genes Dev. 7, 1572 (1 993). Whole-cell ex- 
tracts containing equivalent amounts of DNA were 
resolved on a SDS-15% polyacrylamide gel, and 
transferred proteins were detected with rabbit anti- 
sera to p21 (generated by G.J.H. and D.B.) or p27 
(generated by H. Toyoshma and T. Hunter) according 
to the manufacturer's protocol (ECL, Amersham). 
For lucferase assays, p53-I- mouse primary embry- 
onic fibroblasts were transfected with Lpofectamine 
(Gbco BRL) accordng to the manufacturer's dlrec- 
tlons wlth 1 .O pg of a luciferase reporter plasmid and 
1.0 I L ~  of either pCSA or pCSA-MyoD per transfec- 
ton. After 72 hours under dfferentiation cond~t~ons, 
cells were collected and luciferase actvity was quan- 
ttated wth an enhanced luciferase assay k t  (Anay- 
ica Lum~n'escence Laboratory) according to the 
manufacturer's directions. 
Cells were fixed In paraformaldehyde (2%) in phos- 
phate-buffered salne (PBS), and then permeabilized 
wlth Trlton X-100 (0.25%) In PBS. Cells were immu- 
nostained for MyoD and p21 with rabbit antiserum to 
MyoD [S. J. Tapscott et ai., Science 242, 405 (1 988)] 
and a mouse monoclonal antlbody to human p21 
(Pharmlngen), respectively. MyoD mmune compex- 
es were detected wlth antbodies to rabbt mmuno- 
globu~n G (IgG) that were conjugated to fluorescein 
isothlocyanate (FITC) (Jackson ImmunoResearch 
Laboratories), p21 mmune complexes were detected 
wlth botinyated antibodes to mouse IgG and Texas 
Red avidin D (both from Vector Laboratories), and 
DNA was detected with 4',6'-d1am1dino-2-phenyl1n- 
dole (DAPI). Cells were stained for MyoD and bro- 
modeoxyuridlne (BrdU) by stainlng for MyoD as de- 
scribed above, followed by additional flxatlon in 
paraformaldehyde (2%) in PBS and DNA denaturaton 
In 2 N HCI. We detected BrdU wlth a mouse antbody 
to BrdU (G3G4) and the reagents described above 
The electrophoretic mobility-shift assay (EMSA) for 
E2F bindng activties was petformed as descrbed [L. 
Cao et ai., Nature 355, 176 (1992)], and EMSA for 
MEFl blndng activties was petformed as descrbed 
[A B. Lassar et ai., Ceii66, 305 (1991)l. For antibody 
supershft experiments, 2.5 p1 of either hybrldoma- 
condtioned medum or buffer was used. The folow- 
n g  monoclonal antibodies (mAbs) were used: mAb to 
MyoD (antl-MyoD 5.8A), anti-myogenin (antl-MGN) 
(F5D), anti-Rb (W133), and anti-pl07 (SD15). 
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