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Proliferating murine C2C12 myoblasts can undergo either terminal differentiation or 
programmed cell death under conditions of mitogen deprivation. Unlike myoblasts, 
differentiated myotubes were resistant to apoptosis. During myogenesis the appearance 
of the apoptosis-resistant phenotype was correlated with the induction of the cyclin- 
dependent kinase (Cdk) inhibitor p2lCIP1 but not with the appearance of myogenin, a 
marker expressed earlier in differentiation. Forced expression of the Cdk inhibitors 
p2lCIP1 or p161NK4A blocked apoptosis during myocyte differentiation. These data in- 
dicate that induction of Cdk inhibitors may serve to protect differentiating myocytes from 
programmed cell death as well as play a role in establishing the postmitotic state. 

Differentiation of C2C12 myocytes is in- (Fig. 2). C2C12 myotubes remained viable 
duced when cultures are shifted to medium in differentiation medium for more than 2 
containing low concentrations of mitogens weeks. Thus, under conditions of mitogen 
(differentiation medium). During this pro- deprivation, a fraction of myoblasts proceed 
cess myoblasts withdraw permanently from with their differentiation program and form 
the cell cycle, express muscle-specific struc- myotubes, whereas other myoblasts undergo 
tural proteins, and fuse into multinucleated 
myotubes ( I ) .  The induction of the Cdk 
inhibitor p21C1P1 (2) and the hypophospho- 
rylation of the retinoblastoma protein (Rb) 
(3) are events that appear to be important 
in establishing the postmitotic state. 

Growth factor withdrawal induces pro- 
grammed cell death in various cell types 
(4). Extensive cell death was noted in cul- 
tures of C2C12 cells exposed to differenti- 
ation medium containing 2% horse serum 
(Fig. 1, A through D). Apoptosis was indi- 
cated by positive staining with the digoxi- 
genin-deoxyuridine 5'-triphosphate (dUTP) 

- - 

terminal dioxynucleotide transferase meth- 
od (ApopTag, green stain in Fig. 1, E 
through H). These same cells also displayed 
cell shrinkage and condensed chromatin 
(Fig. 1, I through L), features characteristic 
of apoptosis. Cell death became evident 24 
hours after the cells were changed to differ- 
entiation medium, but maximal cell death 
occurred after 48 hours. (Visual examina- 
tions revealed that about 20 to 30% of the 
cells appeared to be undergoing cell death 
after 48 hours.) After 72 to 96 hours, myo- 
tubes became abundant and cell death was 
diminished (Fig. 1, C,  D, G, and H). DNA 
prepared from the floating C2C12 myocytes 
showed the typical nucleosome spacing lad- 
der indicative of apoptosis upon agarose gel 
electrophoresis (Fig. 2). Differentiated 
C2C12 myotubes, which expressed skeletal 
myosin heavy chain (MHC) protein, were 
not stained with ApopTag (Fig. 1, G and 
H)  and did not display DNA fragmentation 
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programmed cell death. 
Previous work showed induction of the 

Cdk inhibitor p21C1P1 during myocyte ter- 
minal differentiation (2). To  investigate 
the relation between p21C1P1 induction and 
apoptosis during myogenic differentiation, 
we exposed C2C12 myocytes to differenti- 
ation medium for different times and then 
simultaneously immunostained these cells 
for p21C1P1 and for ApopTag. Throughout 
this time course, cells expressing p21C1P1 
were largely unstained by ApopTag (Fig. 3, 
A through C). However, 16 2 3.9% of the 
cells that did not express p21C1P1 were 
stained by ApopTag after 24 hours in dif- 
ferentiation medium, and the fraction of 
the p21-negative cells that stained positive 
for ApopTag increased with time (Fig. 3D). 
In contrast to p21C1P', no correlation was 
found between cell viabilitv and ex~ression 
of the basic helix-loop-helix protein myo- 
genin. Myogenin expression occurs early in 
myoblast differentiation, before the induc- 
tion of p21C1P1 and cell cycle withdrawal 

Fig. 1. Induction of either apoptosis or terminal differentiation in C2C12 myocytes cultured in differen- 
tiation medium (DM). Proliferating C2C12 myoblasts in growth medium (GM) were shifted to differenti- 
ation medium for 24, 48, or 72 hours. (A through D) Phase contrast photomicroscopy revealed 
morphological changes. Floating cells were most evident in the DM 24- and 48-hour cultures. Multinu- 
cleated myotubes were detected in the DM 48-hour cultures and were predominant in the DM 72-hour 
cultures. (E through H) Double immunostaining (14) of C2C12 cells at different time points for apoptosis 
(ApopTag, green) and a muscle differentiation marker (MHC, red). (I through L) Hoechst dye staining of 
the same fields as in (E) through (H). Most of the ApopTag-positive cells [in (F) and (G)] also displayed 
condensed chromatin and cell shrinkage, which are characteristic of apoptosis. Magnification was 
x 150 for (A) through (D) and x300 for (E) through (L). 
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(5). At 24 and 48 hours in differentiation 
medium, a substantial portion of myogenin- 
positive cells were also ApopTag-positive 
(Fig. 3, D through G). At 72 hours a smaller 
fraction o f  myogenin-expressing cells 
stained positive wi th ApopTag because 
many o f  these cells also become p21-posi- 
tive and postmitotic as differentiation pro- 
ceeds (5). These results indicate that 
p21C1P1 induction, but not  an earlier step 
marking the commitment to terminal dif- 
ferentiation, is correlated wi th the acquisi- 
t ion of the apoptosis-resistant phenotype. 

T o  test directly whether p21C1P1 ex- 
pression can inhibit apoptosis, we tran- 
siently transfected C2C12 myoblasts w i th  
a mammalian expression vector contain- 
ing p21C1P1 (pCDNA3-p21) or a mutant 
form o f  p21C1P' (pCDNA3-p21C) that 
lacks the NH,-terminal Cdk-binding do- 
main and is inactive as a Cdk inhibitor 
(6). Two days after transfection, cultures 
were exposed for 16 hours to medium con- 
taining 0.5% horse serum, which rapidly 
induces the onset of apoptosis. Endoge- 
nous p21C1P1 was not  induced at this early 
time point (5, 7), but the ectopically ex- 
pressed p21 or the mutant p21C was de- 
tected by immunostaining. Few cells ex- 
pressing exogenous p21C1P1 stained posi- 
tive for ApopTag (Fig. 4, A through C and 
G). In comparison, 24 2 3.9% of  cells 
expressing p21C were positive for Ap- 
opTag (Fig. 4, D through G). This fre- 

quency of apoptosis-positive cells was similar 
to that observed in nontransfected cultures. 
These data were corroborated by flow cyto- 
metric analyses o n  parallel cultures, which 
revealed 18% hypodiploid (apoptotic) 
cells in nontransfected cultures; cells pos- 
i t ive for ectopically expressed p2 1 or p2 1C 
were 1.8 or 15.5% hypodiploid, respective- 

DM, DM, DM, 
2 4 h m  ahours Mhcurs 

l y  (8). The CDK4 inhibitor p161NK4A is 
expressed in low amounts in C2C12 cells 
and is no t  induced in differentiated myo- 
tubes (7). The forced expression of 
p161NK4A also decreased the frequency o f  
apoptotic cells to 4.2 2 3.1% as deter- 
mined by ApopTag staining (Fig. 4G). 

These data show that Cdk inhibitors can 

Fig. 2. Electrophoresis of DNA isolated from 
C2C12 cells at different time points during dier- 
entiation. C2C12 myocytes at various time points 
in DM were collected, and genomic DNA was 
extracted and separated by electrophoresis on a 
1.5% agarose gel. Lane 1, myoblasts grown in 
GM; lane 2, all cells (floating and attached) from 
cultures incubated for 24 hours in DM; lane 3, all 
cells after 48 hours in DM; lane 4, floating cells 
from cultures after 48 hours in DM; lane 5, adhe- 
sive cells from cultures after 48 hours in DM; lane 
6, all cells at 72 hours in DM; M, molecular size 
marker lane with sizes indicated in base pairs. 

Fig. 3. Correlation of myogenesis-induced 
p21 C'P1 expression with the acquisition of the ap- 
optosis-resistant phenotype. (A) lmmunostaining 
for p21 C'P1 of C2C12 cells cultured in DM for 48 
hours. (B) ApopTag staining of the same field as in 
(A). (C) Hoechst dye staining of the same field as in 
(A). Arrows indicate cells that displayed elevated 
expression of endogenous p21 C'P1. (D) Percent- 
age of p21-, p21f, or myogeninf cells that 
stained with ApopTag at different time points dur- 
ing C2C12 myocyte differentiation. In three sepa- 
rate experiments 200 cells were analyzed for each 
condition. The total percentages of cells that were 
p21 -positive at 24, 48, and 72 hours in DM were 
8,30, and 49%, respectively. (E) lmmunostaining 
for myogenin in C2C12 cells cultured in DM for 48 
hours. (F) ApopTag staining of the same field as in 
(E). (G) Hoechst dye staining of the same field as in 
(E). Myogenin-positive cells that are positive or 
negative for ApopTag are shown (15). Fields were 
chosen to illustrate phenotypic differences but not 
relative frequencies (magnification, ~800 ) .  
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Fig. 4. Inhibition of apoptosis in C2C12 myo- 
cytes expressing exogenous Cdk inhibitors. 
C2C12 myocytes grown on cover slips were 
transiently transfected with the wild-type p21 
expression vector pCDNA3-p21 (A through C) 
or the mutant p21 expression vector pCDNA3- 
p21 C (D through F). Two days after transfection, 
cells were shifted to medium containing 0.5% 
serum for 16 hours to induce apoptosis and 
subsequently stained for p21 (A) or mutant p21 C 
(D), ApopTag [(B) and (E)], and Hoechst dye 
[(C) and (F)]. Medium containing 0.5% serum 
instead of 2% serum was used in these experi- 
ments because it induces apoptosis more rap- 
idly in these cultures. Arrows indicate the Ap- 
opTag-positive cells. Fields were chosen to 
illustrate phenotypic differences but not relative 
frequencies (magnification ~ 8 0 0 ) .  (G) Percent- 
age of cells expressing exogenous p21 (p21+), 
p21C (p21CC), or p16 (p16+) that stained 
positive for ApopTag. The percentage of Ap- 
opTag-positive cells in nontransfected, parallel 
cultures of C2C12 cells is also shown (control). 
For each condition four separate cover slips 
containing between 100 and 200 positive cells 
were analyzed. 



also function as inhibitors of progralnlned 
cell death. A large fractiotl of cells are lost 
through apoptosls during ill vitro myogen- 
esis. Mitotic cells committed to terminal 
differentiation imvorenin-~ilsit ive and , , "  
p2 1 -negative) and ~lollcolnlnitted cells are 
susceptible to  apoptosis. However, the  sub- 
sequent induction of p2lCLr'  is correlated 
~vl t l l  the  acquisition of the  apoptosis-resis- 
tant phenotype, and the  ectopic expressioll 
of p21"" protects differentiating myocytes 
from apoptosis. Similarly, ectopic expres- 
sion of ~ 1 6 ' " " ~ "  also protects differentiat- 

nate-conjugated antbody to mouse ~mlnunoglobu- 
i~ns (Dako) Cells were then flxed ~n 70% ethanol, 
stalned with propldluln iodlde and analyzed on a 
Becton-Dcknson FACScan. A gate was set to se- 
lect CD20-positive cells that were more than 20 
times as brlght as the negat~ve untransfected cells. 
Propldlum lodlde stalnlng was silnultaneously re- 
corded on the CD20-posltive and CD20-negative 
subpopulations 

9. M. Serrano, G I .  Hannon, D. Beach. /Nature 366, 704 
(I 993): M. Serrano E. Gomez-Lahoz, R. A. DePnho 
D. Beach. D. Bar-Sag), Science 267, 249 (1995). 

10. D . A  Haas-Koganetal., ElvlBOJ. 14, 461 (1995).Y. 
Haupt, S. Rowan, M. Oren Oncogene 10, 1563 
(1995); L. Siii et a/.. Science 263, 11 43 11 994); C. J 
LI. D. J Friedman, C. Wang V. Metelev. A. B. 
Pardee :b:d. 268, A29 (1 995). 

[DMEM supplemented w ~ t h  horse serum (2%)]. For 
~mtnunofluorescence microscopy, cells grown on 
sterle glass cover slips were flxed for 10 lnln with 2% 
paraformaldehyde ( ~ n  phosphate-buffered saline) 
and perlneabilized with 0.5% NP-40. After they were 
blocked for 5 min with bovlne serum albumin 12%). 
cells were stained w ~ t h  a monoclonal antibody to 
skeletal MHC protens (MF20) and rhodamine-con- 
jugated antbody to mouse ~mlnunoglobul~n G. The 
cells were then Incubated wlth digoxlgenin-dUTP 
terminal dloxynucleotide transferase mixture and 
subsequently stalned with fluorescein-conjugated 
antbody to digoxigenin (ApopTag, Oncor), counter- 
stained with Hoechst 33258 and mounted. Speci- 
Inens were examned and photographed with a N -  
kon Daphot fluorescence mcroscope. 

15. Rabblt polyconal antibod\! to p21 was from Santa 

illg myocytes froin death, B~~~~~~ p161xK4.2i 11, A, GiOcksmann".~ol. Rev. 26,59(1951); P. Jeffs and Cruz Biotech. This antibody raised to the COOH- 
h4. Osmond, Ana:. Embr,/ol. 185, 589 (1 992). terminal peptide of p2 I cP '  recognizes both fuli- 

is 'pecific for "le CDK4 CDK6 Rb 12. H. P. Jiang eta! Oncogene 9, 3397 (1995) R. A. length p21 and p21 proteins truncated at theCOOH- 
kinases (9), these data also suggest that Rb Stein~nan eta!., :b~d.,  p.  3389: K. F. Maceod eta!. termnus. Monoclonal antibody to myogenin anti- 
may mediate the  survival effects of the  Cdk  Genes Dei). 9,935 (1 995): A. F. Lois. L. T. Cooper. Y. body was agiftof W. Wright PJV. E. Wright, M. Binder, 

Geng. T. Nobor~ D Carson, Cancer Res. 55, A01 0 W Funk.lflol Cel!. Biol. 11 4104(1991)]. ~ ~ l h ~ b i t o r s .  Consistent with this hypothesis (1995), 16. hie thank E. Cosgrove for the CC42 myocytes. A. 
is the observation that differentiated Rh-'- 13, w, p0luha eta/, ,  l401, cell, ~101,  16, 1335 (1996). Dutta for u c D N A 3 - ~ 2 1  and uCDNA3-u21C. G. 
myotuhes are highly susceptible to apop- 
totlc cell death (7). Though the specific 
links h e t a ~ e n  cell cvcle control and ano- 
ptosis are currently unknonrn, the  data pre- 
sented here are co~ls is te~l t  a,ith ohserva- 
tions that apoptosis in other cell types is 
associated wit11 deregulated Cdk activity or 
call he inhibited by Rb overexpression (10).  
Cdk  inhibitor expression may also i n f l ~ ~ e n c e  
inyocyte survival in embryos, in which it is 
observed that cells in so~nites sholv patterns 
of death that denend o n  their locatloll and 
stage of development (1 1) .  Because man\. 
nonmyocyte cell lines also induce Cdk  in- 
hibitors as they differentiate (1 2 ) ,  the reg- 
~ l l a t i i l i~  of these molecules dur11le develon- " 

merit may he a mechanism that 
influences whether a cell dies or contiln~es 
with its differentiation program. 

Note added in p ~ o o j  Recently, antisense 
oligo~n~cleotldes to p21flr1 were shown to 
enhance cell death in differentiating neu- 
rohlastoma cells (1 3 ) .  
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Interaction Between a Putative Mechanosensory 
Membrane Channel and a Collagen 

Jingdong Liu,* Bertold Schrank,-1- Robert H. Waterston 

The degenerin family of proteins in Caenorhabditis elegans is homologous to subunits 
of the mammalian amiloride-sensitive epithelial sodium channels. Mutations in nematode 
degenerins cause cell death, probably because of defects in channel function. Genetic 
evidence was obtained that the unc-105 gene product represents a degenerin homolog 
affecting C. elegans muscles and that this putative channel interacts with type IV collagen 
in the extracellular matrix underlying the muscle cell. This interaction may serve as a 
mechanism of stretch-activated muscle contraction, and this system could provide a 
molecular model for the activation of mechanosensitive ion channels. 

Studies  of inuscles in the nematode C. 
elegnns have identified inally colnpollents 
that are conserved in higher organislns ( I  ). 
M ~ ~ t a t i o ~ l s  ill Inany of the muscle genes 
cause abnormal allinla1 motility and hehav- 
ior. Among these, seinidornina~lt inutatio~ls 
in the tmc-105 gene cause muscle disorga- 
nization and hypercontraction, with result- 
ant  severe paralysis of the  animal (2 ) .  T h e  
11y~3ercontracted muscle in unc-1 05 mutants 
can he relieved by lnutations in lnany genes 
affecting the  iuyofilalneilt lattice, ~ v h i c h  re- 
sults in anilnals displaying the  phenotypes 
of these secondary ~ l n ~ t a t i o n s  (3 ,  4 ) .  H o w  
ever, rare mutations in a suppressor gene, 
previously knolvn as sup-20, hehave as the  
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only tme suppressors, restoring the  wild- 
tvne inotilitv ill unc-105 anilnals (3 ) .  Ge-  , L , , 

netic analyses have s h o ~ v n  that the  suppres- 
sion of unc-105 defects hv sub-20 mutations , ' 

occurs in muscle cells (3 ) .  
W e  clo~led the  unc-105 gene bv T c l  

transposoll tagging and seGlenced' both 
ge~lolnic and cDNA clones (5 )  (Fig. 1 ) .  A 
homology search with the predicted amino 
acid sequence revealed that the UNC-105 
protein is silnilar to MEC-4, MEC-10, and 
DEG-1, members of the degenerin protein 
family in C. eiegans (6-8). MEC-4 and 
MEC-10 are postulated to be involved in 
the mechanical sienal transduction in the u 

touch reception system (6, 7). As ~ v i t h  de- 
eenerins. UNC-105 also showed extensive - 
similarity with the a-, p-, and y-subunits of 
the mammalian amiloride-sensitive epithe- 
lial sodium chan~le l  (ENaC) (9-1 1) .  Re- 
cently, mutations in these subunits that in- 
crease their apical cell-surface exnression in 
renal epithelia were sho~vn  to  he the cause of 
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