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A simple reentry into the cell cycle
t may be specialized, but a muscle cell is just a single step away from resuming division, as
I Pajalunga et al. reveal on page 807. The researchers show that removing one regulatory protein
can push a range of nondividing cells back into the cell cycle.

Most cells in adults aren’t cycling. Some have slipped into quiescence, a temporary lull triggered by
scarcity of food or other necessities. Cells whose telomeres have worn down or that carry damaged
DNA often retire by entering replicative senescence. And terminally differentiated cells are so specialized
that they no longer divide. Although researchers can jump-start the cell cycle by, for example, adding
growth factors, the recipe for reactivating cells in each state is different.

To their surprise, Pajalunga et al. found that a common factor, a protein called
p21, controls whether all three types of cells reenter the cell cycle. p21 is a cyclin-
dependent kinase inhibitor, or CKI, which counters division-triggering kinases.

Myotubes, or differentiated muscle cells, are stubborn, shrugging off growth
factors, oncogenes, and other division promoters. But when the researchers used
RNAI to quash p21, the cells awakened and underwent mitosis—though they usually
died shortly afterward. “This is the first time anyone has reactivated terminally
differentiated cells by removing something from them,” says team leader Marco
Crescenzi. Eliminating p21 also restarted proliferation in quiescent and senescent
cells, which continued to divide rather than dying.

The researchers wondered how the myotubes were able to respond without growth
factors, which spur the assembly of the cyclin/cdk complexes essential for the cell
cycle. Myotubes contain prefabricated complexes, the scientists determined, but p21
hooks onto and inactivates them. The results suggest that even differentiated cells are
poised to reenter the cell cycle; they will start dividing if they don’t get continuous
inhibition from CKIs. The discovery could provide a boost to tissue engineering by
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These myotubes have reentered the cell cycle
after p21 removal.

allowing researchers to raise cells that are reluctant to grow in culture. JCB

How CENP-A reaches the centromere

nstead of a unique DNA sequence,

centromeres feature a distinctive his-

tone known as CENP-A. Two papers
in this issue help untangle when and how
CENP-A gets into position.

Centromeres serve as platforms for
the kinetochores that are essential for
divvying up chromosomes during mitosis.
CENP-A’s presence at centromeres,
where it replaces the standard-issue H3
histone, poses several puzzles. On page
795 Jansen et al. answer the “when”
question. The researchers applied a re-
cently developed technique called SNAP
tagging, which affixes a long-lasting la-
bel to a protein. The method allowed the
team to pin down CENP-A’s location and
measure its turnover.

The logical time for cells to begin
inserting fresh CENP-A into chromosomes
is after S phase, to counter the dilution of
the protein during DNA duplication. But
what the researchers found was one of
those surprises “that makes you jump to

the roof,” says lead author Lars Jansen.
The addition doesn't begin until G1, after
cells have gone through mitosis. Further
experiments indicated that cells have to
pass through mitosis before they can start
incorporating new CENP-A. Why mitosis
is essential for this process isn't certain.
But the results reveal that chromosomes
complete division with a reduced comple-
ment of CENP-A.

Maddox et al. tackle the “how”
question on page 757. A previous
screen of nematode genes had identi-
fied ~250 that are necessary for chro-
mosome separation. By eliminating the
corresponding proteins individually, the
researchers pinpointed one that was
crucial for kinetochore construction:
KNL-2. Without it, CENP-A does not join
the chromosome. And KNL-2 stays away
if the histone is absent, suggesting that
their interaction directs CENP-A fo the
correct location.

The researchers also found that the

Cells don't load new CENP-A (green) until they
finish mitosis.

human version of KNL-2 homes in on the
centromeres late in mitosis and early in
G1, which jibes with the findings from
Jansen et al. KNL-2 carries a DNA-binding
Myb domain that might provide clues to
another mystery about CENP-A: how the
protein determines where on the chro-
mosome to settle. JCB
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Text by Mitch Leslie

A sloppy checkpoint

I f the G2 checkpoint were a building in-

spector, it would get fired for negligence.

Deckbar et al. show on page 749 that the
checkpoint, which is supposed to halt division af-
ter chromosome damage, allows cells to proceed
into mitosis even if they harbor fractured DNA.

The G2 checkpoint interrupts the cell cycle
to allow repair of double-stranded DNA breaks
(DSBs). But the checkpoint isn’t perfect, as the
researchers found when they irradiated normal
human fibroblasts and Artemis cells, which have
a normal checkpoint but sluggish DSB repair.
Each of the cells that went on into mitosis had
one to two chromosome breaks, which is 10 times
the background value.

Not every DSB shows up as a complete

chromosome break. So to gauge the number of
DSBs that are slipping past the checkpoint, the
researchers counted the number of repair foci,
where enzymes have begun—but not finished—
mending DNA. Fibroblasts left G2 with ~20
foci. Other methods gave similar values for
unfixed DSBs, indicating that the checkpoint
has a threshhold of ~10 to 20 breaks.

Only one DSB is needed to activate this check-
point in yeast, according to previous studies. Mam-

malian cells might be sloppier because they carry
much more DNA. Whether unrepaired breaks
cause trouble is unclear. Many of them might get

fixed at the subsequent G1 checkpoint. JCB ProTa (bottom).

The characteristic signs of
necrosis (top) are missing
in a neuron dosed with

mitchleslie@comcast.net

Die another way
n page 853 Ueda et al. describe a protein that switches cells
between two death mechanisms, preventing necrosis while pro-
moting apoptosis. The molecule might provide a new way to
save brain cells after a stroke.

A stroke delivers a double whammy. First, cells near the clot begin to
perish from necrosis, which is triggered by ATP scarcity. Later, more distant

cells start dying through apoptosis. Although
anti-apoptosis compounds can stem some
damage, their benefits are modest, possibly
because the necrosis is more devastating.
Molecules to halt necrosis have proven elusive.

Ueda et al. found one such molecule in
cultures of rat cortical neurons. The protein
ProTa curbs necrosis in cultures that lack
serum or have been oxygen deprived. But
it also boosts their apoptotic death rates.
Adding growth factors that derail apoptosis
protects most of the cells.

The group showed that ProTa works by
keeping cells well-nourished. During necrosis,
some of the GLUT transporters that usher glu-
cose info the cell exit the plasma membrane.
But ProTa prevents this relocation.

Ueda et al. conclude that ProTa flips
cells from an uncontrollable form of cell
death, necrosis, to a more controllable one.
Other factors can derail cells from apoptosis.
A treatment that mixes ProTa with some of
these compounds might spare neurons after
a stroke. JcB

Muscle first in neurodegenerative disease?

muscular atrophy (SMA) might have been looking on the wrong side of the neuromuscular

R esearchers hunting for the molecular malfunction behind the paralyzing disease spinal

junction, as Rajendra et al. show on page 831. The work suggests that reduced levels of

SMA’s signature protein, SMN, disrupt the junction from the muscle side.

SMA is the second most prevalent fatal recessive illness after cystic fibrosis. Although its severity

varies, the disease often kills patients before age two as motoneurons
deteriorate and muscles wither. How reduced amounts of SMN trigger
symptoms isn’t clear. Because the disease involves neural breakdown,
researchers have assumed that the loss of SMN mainly hits motoneurons,
not muscles.

To model the disease, Rajendra et al. identified fruit flies that produce
too little of the protein. Feeble flight muscles grounded the mutants.
Consistent with previous mouse models, the neurons that innervate these
weakened muscles grew and branched abnormally. In addition, the
insects’ flight muscles lacked actin, a sign that innervation had failed.

Localization experiments suggested SMN is crucial specifically in
muscles. The researchers determined that, in normal flies, SMN accumulates
in muscle sarcomeres and gloms onto a-actinin, which interlinks actin
filaments. Although the results do not rule out the “neuron first” hypothesis,
they suggest that muscle dysfunction helps spur nerve deterioration. JCB

SMN (red) congregates at the actin-rich I-bands (green) in
muscle fibers.
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ARTICLE

Critical requirement for cell cycle inhibitors
in sustaining nonproliferative states

Deborah Pajalunga, Alessia Mazzola, Anna Maria Salzano, Maria Grazia Biferi, Gabriele De Luca,

and Marco Crescenzi

Department of Environment and Primary Prevention, Istituto Superiore di Sanita, 00161 Roma, ltaly

n adult vertebrates, most cells are not in the cell cyc|e

at any one time. Physiological nonproliferation states

encompass reversible quiescence and permanent
postmitotic conditions such as terminal differentiation and
replicative senescence. Although these states appear to be
attained and maintained quite differently, they might share
a core proliferation-restricting mechanism. Unexpectedly,
we found that all sorts of nonproliferating cells can be
mitotically reactivated by the sole suppression of histotype-
specific cyclin-dependent kinase (cdk) inhibitors (CKls) in
the absence of exogenous mitogens. RNA interference—
mediated suppression of appropriate CKls efficiently

Introduction

The cell cycle is orchestrated by the coordinated actions of sev-
eral kinases whose activity is regulated positively by cyclins
(Murray, 2004) and negatively by cyclin-dependent kinase (cdk)
inhibitors (CKIs; Harper, 1997). Entry into the cell cycle from
previous quiescence depends on the activation of Gl-phase
kinases. These chiefly include cdk4 and cdk6 kinases (cdk4/6)
activated by D-type cyclins during early to mid-G1 phase and
the cdk2 kinase, whose activation at the G1/S boundary depends
on cyclins E and A (Sherr, 1994; Sherr and Roberts, 2004).
The single most important substrate of these cdks is the retino-
blastoma protein (pRb), whose phosphorylation is a prerequi-
site for S-phase initiation (Weinberg, 1995). Recent results have
shown that cell cycle reentry is facilitated by the activity of the
cyclin C—cdk3 complex, which is also a pRb kinase (Ren and
Rollins, 2004).

CKIs belong to two families known as INK4 and Cip/Kip.
The INK4 family comprises four members that are indicated
according to their approximate molecular size as p15, p16, pl18,

Correspondence to Marco Crescenzi: marco.crescenzi@iss. it

Abbreviations used in this paper: cdk, cyclin-dependent kinase; CKI, cdk inhibitor;
HEK, human embryo kidney; MEF, mouse embryo fibroblast; MSC, mouse
satellite cell; MyHC, myosin heavy chain; pRb, retinoblastoma protein; TD,
terminally differentiated.
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triggered DNA synthesis and mitosis in established and
primary terminally differentiated skeletal muscle cells
(myotubes), quiescent human fibroblasts, and senescent
human embryo kidney cells. In serum-starved fibroblasts
and myotubes alike, cell cycle reactivation was critically
mediated by the derepression of cyclin D-cdk4/6 complexes.
Thus, both temporary and permanent growth arrest must
be actively maintained by the constant expression of CKls,
whereas the cell cycle-driving cyclins are always present
or can be readily elicited. In principle, our findings could
find wide application in biotechnology and tissue repair
whenever cell proliferation is limiting.

and pl19. These inhibitors specifically bind cdk4/6, preventing
heteroduplex formation with D cyclins. Cip/Kip inhibitors
include p21, p27, and p57. These molecules show much wider
binding specificity, as they are able to bind essentially all
cyclin—cdk complexes and, albeit with lower affinity, free cyclins
(Harper, 1997). In addition to their inhibitory role on cell cycle
kinases, Cip/Kip family molecules facilitate cyclin—cdk complex
formation (LaBaer et al., 1997); the precise balance between
these two opposite activities is still debated.

The vast majority of the cells that make up a vertebrate’s
body spend most of their time in different nonproliferating states,
which are collectively labeled as GO phase of the cell cycle.
Physiologically nonproliferating cells can be found in at least
three distinguishable conditions, including reversible quies-
cence, replicative senescence, and the postmitotic state that char-
acterizes and defines terminal differentiation. These three states
are quite disparate with respect to both their phenomenology and
the molecular mechanisms responsible for proliferative arrest.

Quiescence is defined as a temporary, reversible absence
of proliferation. This state can be induced by a variety of condi-
tions including, among others, growth factor deprivation, con-
tact inhibition, and loss of anchorage (Coller et al., 2006).
Quiescence can be usually readily reverted by removing the
conditions that determined it. Indeed, the succession of events

Supplemental Material can be found at:
http://www.jcb.org/cgi/content/full/jcb.200608109/DC1
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that follow exit from quiescence has long served as the principal
experimental paradigm for cell cycle studies. Quiescence is
usually associated with very low levels of cyclins, and it is gen-
erally believed that such low levels are its main determinants
(Ekholm and Reed, 2000; Sherr and Roberts, 2004). By way of
example, serum-starved quiescent fibroblasts express very low
amounts of cyclins associated with any phase of the cell cycle.
Serum refeeding triggers exit from quiescence by bringing about
a surge of cyclin D expression followed by cyclins E, A, and B
in a coordinated succession (Kerkhoff and Rapp, 1997). Unlike
cyclins, G1-controlling cdks are not primarily regulated at the
protein expression level, thus making their cognate cyclins the
limiting factors for cell cycle reentry (Ekholm and Reed, 2000).

Replicative senescence, which is also called cell aging, is
normally a permanent state of proliferation arrest. It was origi-
nally described as an intrinsic limit to the number of duplica-
tions that cells can undergo in vitro (Hayflick and Moorhead,
1961). More recently, replicative senescence has come to be
viewed as the result of telomere shortening, damage at the mo-
lecular level, or both (Herbig and Sedivy, 2006). Indeed, pre-
venting telomere attrition (Bodnar et al., 1998) and/or DNA
damage accumulation (Parrinello et al., 2003) often results in
cell immortalization. Unlike their reversibly quiescent counter-
parts, aging cells can express high levels of G1 cyclins, which
are nonetheless devoid of associated kinase activity (Dulic
et al., 1993). Removal of p53 (Bischoff et al., 1990) or pocket
(pRb family) proteins (Shay et al., 1991; Sage et al., 2000) has
been shown to weaken replicative senescence or prevent it
altogether. In most cases, both pathways must be disrupted to
produce full immortalization (Shay et al., 1991). The involvement
of CKIs in establishing cell aging has long been recognized.
p21 and/or p16 expression has been shown to associate with
senescence in a variety of cell types (Herbig and Sedivy, 2006),
whereas the role of p27 is somewhat more restricted (Bringold
and Serrano, 2000). Ablation of relevant CKIs such as p21
(Brown et al., 1997) or p16 (Itahana et al., 2003) before senes-
cence takes place can delay or prevent its establishment or
reduce resistance to immortalization. p21 is a transcriptional
target and is one of the most important effectors of the DNA
damage response mediated by p53. p16 prevents the formation
of cyclin D—cdk4/6 kinase complexes, thus interfering with pRb
phosphorylation (Harper, 1997). In addition, it has been shown
that injection of anti-p53 antibodies into senescent fibroblasts
induces cell cycle reentry along with a reduction of p21 expres-
sion (Gire and Wynford-Thomas, 1998). Thus, CKIs belong to
regulatory pathways that are essential for the onset of senescent
arrest; surprisingly, however, whether or not they are absolutely
required for the maintenance of senescence as opposed to its
establishment is not known (Beausejour et al., 2003).

Terminal differentiation defines cells that permanently
exit the cell cycle in the course of acquiring functional special-
ization. In extreme cases, terminally differentiated (TD) cells such
as keratinocytes and erythrocytes lose their nuclei altogether,
thus irreversibly relinquishing their ability to divide. However,
most TD cells keep a full replicative apparatus while nonethe-
less becoming extremely refractory to spontaneous or induced
cell cycle reactivation (Tiainen et al., 1996a). The molecular
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basis of such refractoriness is incompletely understood. It
has been shown that pRb is absolutely necessary for the
establishment of terminal differentiation in several histotypes,
including skeletal muscle myotubes (Schneider et al., 1994).
However, pRb is not required for maintenance of the post-
mitotic state (Camarda et al., 2004; Huh et al., 2004). Although
several cyclins are down-regulated early upon skeletal muscle
differentiation (Ohkubo et al., 1994; Tiainen et al., 1996b), the
up-regulation of several CKIs has been shown to correlate with
myotube formation. p18 (Myers et al., 2004), p21 (Halevy et al.,
1995; Parker et al., 1995), p27 (Zabludoff et al., 1998; Messina
et al., 2005), and p57 (CDKN2C, CDKNIA, 1B, and 1C,
respectively; Zhang et al., 1999) have all been indicated to partici-
pate in control of the cell cycle in muscle differentiation, making
it difficult to sort their respective functions. Most conclusions
concerning the role played by CKls in muscle differentiation
rely on knockout animals (Myers et al., 2004), whose defi-
ciencies may have been compensated for in the course of onto-
genesis. Although useful to investigate the significance of CKIs
in establishing the postmitotic state, such animals are ill suited
to assess their relevance in the maintenance of terminal differ-
entiation. Mice lacking one or more CKIs before the onset of
terminal differentiation cannot help distinguish between
continuing proliferation during differentiation and cell cycle
reentry after the establishment of the postmitotic state.

The three aforementioned proliferation arrest states be-
have differently at the molecular level. For instance, the forced
expression of cyclin E—associated kinase activity can induce
cell cycle reentry in quiescent cells (Lukas et al., 1997; Connell-
Crowley et al., 1998) but not TD myotubes (Latella et al., 2001).
Similarly, the functional suppression of p53 can reactivate se-
nescent fibroblasts (Gire and Wynford-Thomas, 1998) but not
TD cells (Crescenzi et al., 1995). The postmitotic state cannot
be established in myotubes in the absence of pRb (Schneider
et al., 1994), whereas this protein is not essential for initiat-
ing either quiescence or cell senescence (Sage et al., 2000).
Conversely, the removal of pRb reactivates the cell cycle in qui-
escent and senescent cells (Sage et al., 2003) but not in TD
myotubes (Camarda et al., 2004; Huh et al., 2004).

Despite their conspicuous differences, conditions sharing
nonproliferation as an endpoint might also share a core mecha-
nism responsible for their common phenotype. In this study, we
suppress the expression of various CKIs in cells representative
of all three states. Unexpectedly, CKI removal led to widespread
cell cycle reentry in all cases even in the absence of exoge-
nous growth factors. Thus, all states of nonproliferation depend
critically on the constant expression of cell cycle inhibitors.
We conclude that even the deepest, genuinely permanent growth
arrest states are the result of a decision that must be continu-
ously reasserted by the cell.

Results

CKI suppression reactivates the cell cycle
in TD myotubes

We have previously shown that the cell cycle can be reactivated
in postmitotic TD skeletal muscle cells, adipocytes, and neurons
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by restoring physiological levels of cdk4/6 activity. However,
such restoration requires gross overexpression of both cyclin
D1 and cdk4, suggesting the need to overwhelm preponderant
levels of CKIs (Latella et al., 2001). We sought to alleviate the
requirement for cyclin D1-cdk4 overexpression by identifying
and removing functionally significant CKIs in myotubes, which
is a prototypic TD model system.

To determine which CKIs are most relevant in our experi-
mental settings, mouse C2C12 myoblasts were induced to ter-
minally differentiate into myotubes that were then coinfected
with recombinant adenoviruses carrying cyclin D1 and cdk4.
Infection multiplicities were chosen so as to achieve a moderate
overexpression of both moieties in order to maximize capture of
available inhibitory molecules without causing cell cycle reentry.
Immunoprecipitations were performed with antibodies to
cdk4 that were equally capable of precipitating free cdk4 and its
cyclin D complexes. The coprecipitated molecules were electro-
phoretically resolved (Fig. 1 A). Several specifically precipitated
molecules were identified by liquid chromatography/tandem
mass spectrometry. Most relevant among these were mouse
cyclin D3 and, as the only representative of CKIs, p21 (Fig. 1 A).

In an effort to reduce the load of CKIs in myotubes to fa-
cilitate cell cycle reactivation, we suppressed p21 expression by
RNAI (Fig. 1 B). Unexpectedly, the sole suppression of p21
brought about a massive reentry of myotubes into the cell cycle,
as shown by immunofluorescent detection of incorporated
BrdU (Fig. 1 C). DNA synthesis took place equally well in the
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presence of 5% FBS and in the absence of exogenous growth
factors. Frequent mitotic figures were noted in the reactivated
myotubes, although mitoses were nearly always morphologi-
cally aberrant. Such mitoses were quickly followed by apop-
totic death as detected by TUNEL staining 48 h after RNAi:
40% of the p21-depleted myotubes were TUNEL positive ver-
sus 14.3% of the control cells. Both abnormal mitoses and cell
death resemble those described in the case of viral oncogene—
reactivated muscle cells (Latella et al., 2000). The specificity of
p21 RNAi was ascertained by comparing the ability of four
different double-stranded RNA oligonucleotides (siRNAs) for
p21 to lower p21 protein levels and induce DNA synthesis in
C2C12 myotubes (Fig. S1 A, available at http://www.jcb.org/
cgi/content/full/jcb.200608109/DC1).

The role played by the other known CKIs was systemati-
cally investigated by interfering with each of them singularly or
in selected combinations (Fig. 1 D). The effectiveness of RNAi
in reducing the expression of the different CKls is shown in
Fig. S1 (B-D). Ablation of no other single CKI stimulated BrdU
incorporation in myotubes. Interference with p27 by itself also
did not trigger DNA synthesis but reproducibly induced a small
increase in the percentage of myotubes that were reactivated by
interfering with p21 (Fig. 1 D). Fig. S2 (A—C; available at http://
www.jcb.org/cgi/content/full/jcb.200608109/DC1) shows the
association of three CKIs with cyclin D1, cyclin D3, or cdk4 in
both myoblasts and myotubes. Total and cdk4-bound p21 and
p27 were absolutely quantitated (Fig. S2 D). The relevance of
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Figure 1.

Identification of relevant CKls in myotubes and effects of their suppression. (A) Electrophoretic gel separation of proteins immunoprecipitated

with an anti-cdk4 (a-cdk4) antibody or control Igs (IgG) from C2C12 myotubes. A silver-stained gel is shown here. Mass spectrometry was performed on
bands excised from a Coomassie-stained gel loaded with 50 times as much total protein. Bands that appeared to be uniquely present in the cdk4 lane were
processed for mass spectrometry identification. Corresponding portions of the control lane were processed identically. Bands containing p21 and cyclin
D3 are indicated. (B) Western blot analysis of p21 in whole-cell lysates from C2C12 myotubes 48 h after transfection with a pool of four p21 siRNAs or
control siRNA. (C) Immunofluorescence staining of C2C12 myotubes for BrdU (green) and MyHC (red). (D and E) Percentages of BrdU-positive C2C12 (D)
and MSC (E) myotubes 48 h after interference for single or multiple CKls as indicated. Data are presented as means and SDs (error bars) of up to five
experiments. (F) Primary human myotubes were triple transfected with siRNAs for p21, p27, and p18 and were double immunostained for BrdU (green)
and MyHC (red) 48 h later. Ctr, control; g-tub, B-tubulin, which was used as a loading control. Bars, 50 um.

CKils IN MAINTENANCE OF PROLIFERATION ARREST
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Table 1. Abrogation of BrdU incorporation in C2C12 myotubes by cyclin D3 suppression or dnK4 expression

Experiment PT PT only PT + cyclin D3 siRNA PT + dnK4
Percent BrdU™ at 24 h Control RNA 0 0 0
p21 siRNA 30 <1 <1
Percent BrdU™ at 48 h Control RNA 0 0 0
p21 siRNA 68 <1 <1
dnK4 added 24 h after RNAi Control RNA 0 ND 0
p21 siRNA 50 ND 50

PT, primary transfection. Values are percentages of BrdU-positive myotubes.

p21 does not descend from its abundance, at least in comparison
with p27. Thus, the pivotal role of p21 in maintenance of the
postmitotic state in C2C12 myotubes is dictated by variables
other than mere cellular concentration.

CKI-RNAI experiments similar to those performed with
C2C12 cells were performed with primary myoblasts (mouse
satellite cells [MSCs]) freshly explanted from FVB mice. Fig. 1 E
shows that in myotubes derived from these cells, multiple
CKIs are involved in maintenance of the postmitotic state.
Although in primary myotubes, ablation of p21 alone elicits very
little BrdU incorporation, successive suppression of additional
CKIs progressively increases the percentage of reactivated cells.
However, interference with single CKIs other than p21 elicited
no reactivation (negative data not depicted); even the combined
suppression of p18, p27, and p57 was completely ineffective
unless p21 was also suppressed (Fig. 1 E, right two histograms).
These results suggest that key cdk complexes in MSC myotubes
are controlled primarily by p21, whereas other CKIs take charge
of suppressing cdk activity upon the loss of p21. Similarly, pri-
mary human myotubes incorporated BrdU (Fig. 1 F) and went
through aberrant mitoses (not depicted) after the simultaneous
ablation of p21, p18, and p27. Altogether, the results described
thus far show that postmitotic myotubes can be reactivated by
the sole removal of critical CKIs even in the absence of exoge-
nous mitogenic stimuli. In turn, this suggests that fully compe-
tent cyclin—cdk complexes are present, although normally
inhibited, even in permanently proliferation-arrested cells.

The activity of cyclin D3-containing
complexes is responsible for cell cycle
reactivation in myotubes

Reactivation of the cell cycle in the absence of exogenous
growth factors presented an apparent paradox. Growth factors
are required for cyclin D1 synthesis and assembly of cyclin D—
cdk4/6 complexes (Sherr, 1995), which should be necessary to
ignite a new cell cycle. Because the immunoprecipitation experi-
ments have shown that sizable amounts of endogenous cyclin D3
associate with cdk4 (Figs. 1 A and S2 E), we hypothesized that
preformed complexes containing at least cyclin D3, cdk4, and
p21 are present in TD muscle cells. Indeed, similar complexes
have been described in C2C7 myotubes (Cenciarelli et al.,
1999). Such preexisting complexes would require neither de novo
synthesis nor assembly, thus being growth factor independent.
The subtraction of p21 would allow cell cycle—promoting
kinase activity to be expressed. This model finds strong support
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in a published quantitative appraisal of cell cycle-regulatory
molecules in C2C12 myotubes showing low combined levels of
D-type cyclins with a 3:1 prevalence of cyclin D3 over cyclin
D1 (Wang and Walsh, 1996). Western blot analyses shown in
Fig. S2 E agree qualitatively with this previous study.

Our model made verifiable predictions: impairment of
either cyclin D3 or cdk4/6 should abrogate the effects of p21
removal. Indeed, in C2C12 myotubes, suppression of cyclin D3
or infection with a recombinant adenovirus carrying a dominant-
negative mutant of Cdk4 (dnK4) abolished BrdU incorpo-
ration stimulated by interference with p21 (Table I). To assess
the specificity of these results, similar experiments were per-
formed with double p21/cyclin DI RNAIi. Interference with
cyclin D1 determined only a modest reduction in myotube DNA
synthesis in comparison with p21 RNAi alone (unpublished
data). The specificity of dnK4 activity was verified by express-
ing it 24 h after p21 RNAI. In this case, there was no reduc-
tion in BrdU incorporation, as the newly activated cell cycle
had already progressed past the point where cdk4/6 activity is
required (Table I).

As also entailed by our model, interference with p21
should bring about substantial cdk4 kinase activity, which
should be abrogated by the functional ablation of either cdk4 or
cyclin D3. To test this prediction, C2C12 myotubes were sub-
jected to RNAI for p21 either alone or in combination with
cyclin D3 RNAI or infection with dnK4. Fig. 2 A shows that p21
protein levels were reduced in all p21-interfered cultures com-
pared with myotubes transfected with control siRNA. Cyclin D3
protein levels were also profoundly decreased by the corre-
sponding siRNA. In agreement with the model, cdk4 activity,
which is absent in control-transfected TD muscle cells, was
readily measured in p21-interfered myotubes at levels at least
comparable with those found in proliferating myoblasts (Fig. 2 A).
Such activity became undetectable upon either dnK4 infection
or cyclin D3 RNAI. The specificity of cyclin D3 interference
was verified by Western blot and cell cycle reentry analyses
(Fig. S3, available at http://www. jcb.org/cgi/content/full/jcb
.200608109/DC1), as already performed for p21. We noticed
that p21 protein levels, which were already much reduced by
p21 RNAI alone, were further lowered by simultaneous trans-
fection of siRNA for cyclin D3 (Fig. 2 A and see Fig. 4 A).
Because p21 is known to facilitate cyclin—cdk complex assembly
(LaBaer et al., 1997), it was conceivable that exceedingly low
levels of p21 rather than cyclin D3 suppression might be re-
sponsible for impairing cell cycle reactivation. To exclude this
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Figure 2. cdk4-associated kinase activity in CKl-interfered C2C12
myotubes. (A) C2C12 myotubes were infected with an adenovirus carrying
dnK4 or a control virus (Ad-ctr) and/or were transfected 6 h later with
siRNAs for the indicated molecules. (top) Western blot (WB) analyses of the
indicated proteins in whole-cell lysates prepared 24 h after transfection.
Proliferating myoblasts are shown for reference. (bottom) cdk4-associated
kinase activity measured using GSTRb as the substrate in immunoprecipi-
tates obtained with an anti-cdk4 antibody from the same lysates as in the
top panel. cdk4 was quantitated by Western blotting in the immunoprecipi-
tates as a control for precipitation efficiency. (B) C2C12 myotubes (Mf)
were transfected with p21 siRNA #4 (Fig. S1 A, available at http://www
.jcb.org/cgi/content/full/jcb.200608109/DC1) at the indicated concen-
trations in the presence or absence of 5 nM siRNA to cyclin D3. An identical
culture was transfected with control siRNA. (top) Western blot analysis of
p21 in wholeell lysates collected 48 h after transfection. | cfr, loading
control. (bottom) Percentages of BrdU-positive myotubes.

possibility, we interfered with cyclin D3 and cotransfected pro-
gressively decreasing amounts of p21 siRNA in C2C12 myo-
tubes (Fig. 2 B). Double transfection with cyclin D3 and 1.7 nM
p21 RNA oligonucleotides yielded p21 levels comparable with
those obtained with p21 siRNA alone, yet BrdU incorporation
was still entirely suppressed. Thus, the suppression effect can
be ascribed entirely to cyclin D3 interference rather than to its
modest indirect effect on p21 protein levels.

To explore the reasons why cyclin D3 plays a decisive role
in the reactivation of C2C12 myotubes upon p21 removal, we
measured cyclin D1-and cyclin D3-associated kinase activities
in C2C12 myoblasts and in myotubes transfected with p21 or
control siRNA. Fig. 3 shows that in myoblasts, the kinase activity
associated with cyclin D3 is three times as high as that of cyclin
D1. In control myotubes, there is virtually no measurable cyclin D—
linked kinase activity. p21 RNAIi in myotubes brought about a
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Figure 3. Cyclin D1- and cyclin D3-associated kinase activities in p21-
interfered myotubes. C2C12 myotubes were transfected with control or p21
siRNA, and immunoprecipitations for both cyclins were performed side
by side 22 h later. Proliferating myoblasts synchronized in mid-G1 phase
(see Materials and methods) are shown for reference. (A, top) Cyclin D1-
associated kinase activity was measured using recombinant GSTRb as the
substrate. Western blot analysis of cyclin D1 in whole-cell lysates and
immunoprecipitations are shown. (bottom) Cyclin D3-associated kinase
activity measured as in the top panel. IgG, immunoprecipitation of myo-
tube lysates with normal Igs. B-tubulin loading controls for whole-cell lysates
are shown in Fig. S2 (A and B, available at http://www.jcb.org/cgi/
content/full/jcb.200608109/DC1). (B) Densitometry-assisted quantitation
of cyclin D1- and cyclin D3-associated kinase activities shown in A. See
Materials and methods for details. Ctr, control.

marked decrease in cyclin D1 levels and a much more modest
reduction of cyclin D3, which is consistent with the stabilizing
role of p21 (Bagui et al., 2003). Although in p21-interfered
myotubes the activities associated with both cyclin D1 and D3
raise, the latter is eightfold higher than that of cyclin D1. Thus,
the vast majority of cyclin D—associated kinase activity in p21-
depleted myotubes is carried by cyclin D3, which is the most
abundant D-type cyclin in these cells (Wang and Walsh, 1996),
explaining its pivotal role in myotube reactivation.

Altogether, these results lead us to conclude that in myo-
tubes, preassembled, potentially competent cyclin D3—cdk4/6
complexes are held inactive chiefly by p21. CKI removal acti-
vates the kinase, allowing myotubes to reenter the cell cycle.
To our knowledge, this is the first instance of reactivation of
TD cells by subtraction of an endogenous inhibitor as opposed
to the forced expression of exogenous activators.

Cdk4/6 is the direct target of CKI

removal in myotubes

Cip/Kip family CKIs have the ability to bind most cyclins and
cdks (Sherr and Roberts, 1999). As a consequence, removal of
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p21 or other Kip-type CKIs might derepress G1 kinases other
than cdk4/6, most importantly the kinases associated with
cyclin E. To investigate this possibility, C2C12 myotubes were
transfected with control siRNA or various combinations of
siRNAs for p21, p27, and cyclin D3. Fig. 4 A shows that the corre-
sponding protein levels were effectively reduced. Substantial
activity was found in cyclin E immunoprecipitates from myo-
tubes interfered for p21 or p21 and p27. However, such
activity was essentially abrogated by cyclin D3 RNAi (Fig. 4 B),
indicating that the cyclin E—associated kinase is triggered as a
result of the previous activation of cyclin D3—containing com-
plexes. This result is in keeping with the notion that ordinarily,
the activation of cdk2 is preceded by and is partially dependent
on previous cdk4/6 firing (Sherr and Roberts, 2004). In the pres-
ent case, the removal of CKIs might be supposed to free cyclin
E—cdk2 complexes, but cyclin E-associated kinase activity still
depends on previous cdk4/6 activation. Fig. 4 C shows that upon
cyclin D3 RNAI, the association of residual p27 with cyclin E
is enhanced in spite of the strong reduction in p27 total levels,
possibly as a result of diminished competition from cyclin
D3—containing complexes. This finding provides a plausible
mechanistic explanation for the lack of cdk2 activation upon
simultaneous removal of CKIs and cyclin D3. Altogether, these
results indicate that in myotubes, the primary target of CKI-
mediated inhibition is not a cyclin E-driven kinase but rather a
cyclin D3-cdk4/6 complex. This conclusion is also in agree-
ment with our previous results showing that TD myotubes can
be reactivated by physiological levels of cdk4 activity but not by
the cdk2 kinase even if hyperactive (Latella et al., 2001).

CKlis can substitute for one another

in preserving the postmitotic state

We wished to investigate whether different CKIs could substi-
tute for one another upon the selective suppression of one of
them. We selected a well-studied model system: mouse embryo
fibroblasts (MEFs) converted into muscle cells by the expres-
sion of MyoD (Figliola and Maione, 2004; Vaccarello et al.,
2006). Wild-type and p21 '~ MEFs were infected with a MyoD-
carrying adenovirus and were induced to differentiate into myo-
tubes (myotubes from MyoD-converted MEFs [MEF-Mts]). TD
myotubes thus obtained were subjected to RNAi for multiple
CKIs. Similar to C2C12- and MSC-derived myotubes, wild-
type MEF-Mts were reactivated only if the suppressed CKIs
included p21. In particular, the suppression of p27 or p57
singularly or in various combinations could not elicit DNA syn-
thesis (negative data not depicted). On the contrary, a meaningful
fraction of p21 '~ MEF-Mts were reactivated by the subtraction
of either p27 or p57 (Fig. 5). Combinations involving more
than one CKI allowed even higher percentages of myotubes
to reenter the cell cycle. Thus, as suggested by multiple RNAi
experiments (Fig. 1, D and E), diverse CKIs can functionally
replace p21 in maintenance of the postmitotic state.

Quiescent human fibroblasts

are reactivated by CKI removal

Prompted by the results obtained with TD myotubes, we asked
whether other physiological nonproliferative states also need
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Figure 4. Kinase activity and CKls associated with cyclin E in CKI-
interfered C2C12 myotubes. (A) Western blot analysis of specific proteins
in C2C12 myotubes subjected to single or multiple RNAi. Cells were trans-
fected with siRNAs for the indicated molecules, and whole-cell lysates were
prepared 30 h later. These lysates are the same as those used to immuno-
precipitate cyclin E and measure cyclin E-associated kinase activity in B.
Proliferating myoblasts are shown for reference. B-tubulin (B-tub) is shown
as a loading control in each of two separate blots. (B) C2C12 myotubes
were transfected with siRNAs for the indicated molecules. Cyclin E-
associated kinase activity on histone H1 was measured 30 h after transfection
in anti-cyclin E immunoprecipitates. Immunoprecipitates were analyzed for
p21 and cdk2. (C) C2C12 myotubes were treated as in A, and Western
blot analyses of the wholecell lysates and immunoprecipitates were
performed. -tubulin is shown as a loading control; cdk2 verifies immuno-
precipitation efficiency. IgG, immunoprecipitation performed on myotube
lysates with normal Igs.

constant maintenance by CKIs. RNAi experiments were per-
formed with low passage primary mouse (not depicted) and
human fibroblasts (Fig. 6, A and B) that were made quiescent by
48-h serum starvation. Interference with p21 alone or in associ-
ation with p27 and/or p18 in the presence of 0.1% FBS was up
to 82% as efficient in inducing cell cycle reentry as refeeding
with 10% serum (Fig. 6 B). Mitotic figures were much more
frequent among the CKl-interfered cells than in those trans-
fected with control siRNA (unpublished data). To assess whether
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the reactivated cells are capable of substantial proliferation,
serum-starved p21-interfered fibroblasts were kept in culture
medium containing 0.1% FBS and were counted in the 4 d after
RNAI. Fig. 6 C shows that p21-depleted fibroblasts doubled in
four days despite the absence of added growth factors, whereas
control cells proliferated negligibly. Cell division was not
accompanied by an appreciable increase in cell death: the
percentage of TUNEL-positive p21-interfered cells never ex-
ceeded that of control fibroblasts (unpublished data).

Importantly, cell cycle reentry driven by CKI RNAi was
again completely abrogated by either cyclin D3 RNAi or dnK4
expression (Fig. 6 B). As a specificity control, although dnK4
also abolished serum-mediated cell cycle reentry, cyclin D3
RNAi reduced serum-promoted reactivation only partially,
which is consistent with the notion that in human fibroblasts,
serum acts mainly via cyclin D1 (Baldin et al., 1993). Immuno-
precipitation and Western blot analyses show that low levels of
all three D cyclins are present in quiescent fibroblasts along
with levels of cdk4 and cdk6 as high as those found in prolifer-
ating cells (Fig. S4, A and B; available at http://www.jcb.org/
cgi/content/full/jcb.200608109/DC1). However, only cyclins D1
and D3 are found associated with cdk4 (Fig. S4 C). Although
the suppression of cyclin D3 abolishes the p21 RNAi—-mediated
reactivation of these cells (Fig. 6 B), we cannot exclude a pro-
liferative role for cyclin D1—containing complexes.

A quantitative evaluation of p21, p27, and p16 (Fig. S4,
D-F) suggests that, as in the case of myotubes, the absolute ex-
pression level of a cell cycle inhibitor is not the primary deter-
minant of its relevance in the maintenance of growth arrest.
These results agree with and expand upon a previous study
showing that the reduction of p21 levels induces mitotic reacti-
vation of serum-starved fibroblasts (Nakanishi et al., 1995). Our
data indicate that in fibroblasts as well as myotubes, cyclin D3—
cdk4/6 complexes are present and potentially functional even
during quiescence. Furthermore, they show that multiple CKIs
are involved in silencing their activity.
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Figure 6. Effects of CKI RNAI in serum-starved primary human foreskin
fibroblasts. (A) Western blot analyses of p21, p27, p16, and p18 in cells
transfected with siRNAs for the indicated CKls. Lysates prepared 48 h after
transfection. (B) BrdU-positive cells in cultures subjected to RNA for the
indicated molecules. BrdU was added to culture medium 24 h after trans-
fection, and the cells were fixed and stained 24 h later. Values are shown
as means of up to three independent experiments with SDs (error bars) and
are expressed relative to 10% serum-reactivated cells, which was set to
100. (C) Growth curves of cells subjected to p21 interference. Cells were
transfected with siRNA to p21 or were mock+ransfected and counted at
the indicated times after RNAI. Ctr, control siRNA; serum, cells re-fed with
10% FBS.

CKIl suppression triggers proliferation

of senescent human cells

Finally, we investigated the role of CKIs in the maintenance of
proliferative senescence. Primary human embryo kidney (HEK)
cells have a limited proliferative life span in vitro (Counter
et al., 1992). Young cells are small and elongated, but, after a
short term in culture, they become large, flat, irregularly shaped,
and express acidic [3-galactosidase activity, a marker of cellular
senescence (Fig. 7 A; Dimri et al., 1995). Aging cells become un-
responsive to growth factors and cease proliferation (unpublished
data). Senescent HEK cultures (2% BrdU incorporation in 24 h)
were subjected to RNAi for p21 and/or p16 (Fig. 7 B). Inter-
ference with p21 induced reactivation of the cells, bringing
almost half of the population into the mitotic cycle. In these
cells, p16 RNAi was almost equally effective, which is consistent
with the known role of this inhibitor in establishing the replicative
senescence of human cells (Fig. 7 C; Kiyono et al., 1998). Com-
bined interference for the two CKIs demonstrated almost no
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Figure 7. Effects of CKI RNAI in senescent
HEK cells and human foreskin fibroblasts.
(A) Acidic B-galactosidase staining of young
and senescent HEK cells. (B) Western blot anal-
yses of p21 and p16 in HEK cells transfected
with siRNAs for the indicated CKls. Lysates
prepared 48 h after RNAI. (C) Senescent HEK
cells were subjected to RNAI for the indicated B
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synergy, suggesting that in this experimental system, unlocking
either pathway is sufficient to induce cell cycle reentry. Similar
results were obtained with senescent human foreskin fibro-
blasts. The depletion of p21 or p16 brought the majority of these
cells back into the cell cycle (Fig. 7 D).

Although senescent cells are known to express high levels
of inactive G1 cyclin—cdk complexes (Dulic et al., 1993), the
reversal of senescence by direct removal of CKIs has not been
shown before. Both HEK cells (Fig. 7 E) and fibroblasts (not
depicted) displayed abundant mitotic activity upon RNAi-
mediated reactivation, which suggested that they could actually
proliferate. To test this possibility, senescent HEK cells were
transfected with p21 or p16 siRNA twice at a 48-h distance.
Daily counts showed that the number of control-transfected
cells did not increase in 3 d, whereas the CKl-interfered popula-
tions grew (Fig. 7 F). In particular, the cells transfected with
p21 siRNA increased more than threefold over a 72-h period,
showing that interference with p21 brings about not only cell
cycle reentry but actual population growth. Cell cycle reactiva-
tion in either HEK cells or fibroblasts did not cause any in-
crease in the spontaneous rate of cell death (Fig. 7, G and H).
Altogether, these data allow us to conclude that senescent as
well as TD and quiescent cells rely on the continuous presence
of cell cycle inhibitors to maintain their nonproliferative state.

Discussion

In this study, we show that cells in such diverse nonproliferation
states as terminal differentiation, quiescence, and replicative
senescence can be allowed to reenter the cell cycle with com-
parable high efficiency simply by removing appropriate CKIs
even in the absence of exogenous mitogenic stimuli. To de-
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termine which molecules are most important in preventing
cdk activation in TD myotubes, we selected an unbiased mass
spectrometry—based approach. Such a strategy would be ef-
fective in uncovering both known and potentially unrecognized
molecular brakes in our system. Immunoprecipitation/mass
spectrometry experiments pointed at p21 as the main inhibitor
in the C2C12 experimental system. Accordingly, interference
with p21 was sufficient to reactivate the cell cycle in C2C12
myotubes. The unexpected discovery that removal of CKIs allows
full cell cycle reactivation in notoriously refractory TD cells led
us to suspect that more pliable cell types might be reactivated
by the same strategy. This hypothesis was fully confirmed by
results obtained with quiescent as well as senescent cells.

Absolute quantitation of some of the CKIs present in
myotubes and in quiescent fibroblasts showed, somewhat sur-
prisingly, that the inhibitor playing the most substantial role
in suppressing proliferation was not the most abundantly
expressed. In both mouse myotubes and resting human fibro-
blasts, p27 accumulates at much higher levels than p21 (Figs. S2 D
and S4 D). However, the suppression of p21 is much more mo-
mentous than that of p27. Likewise, although in quiescent fibro-
blasts p16 protein levels are comparable with those of p21, the
suppression of p16 is essentially inconsequential. There might be
trivial explanations for these unexpected findings. For example,
variable effectiveness in interfering with the different CKIs
might skew the results. However, the large difference in the
molar concentrations of p27 versus p21 (60-fold) strongly suggests
the existence of partially unrecognized functional differences
between the two molecules.

Several points concerning specific nonproliferation states
are worth discussing. Myotubes are prototypic TD cells that are
capable of resisting the mitogenic pressure of growth factors,

/002 ‘¥1 yosey uo Bio qol"mmm woiy papeojumoq



retroviral oncogenes, and many positive cell cycle regulators
that act as powerful proliferative stimuli in non-TD cells
(Tiainen et al., 1996a). The discovery of CKIs was quickly fol-
lowed by reports of the high expression of a variety of them in
numerous TD histotypes (Parker et al., 1995; Gill et al., 1998;
Zabludoff et al., 1998). However, they are generally viewed as
an aid in cell cycle exit at the inception of terminal differentia-
tion (Missero et al., 1995) and as a safety feature against acci-
dental cell cycle reactivation after the establishment of the
postmitotic state. Indeed, there is no previous demonstration
that CKIs are essential for maintenance of the postmitotic state
in TD cells. As already discussed above (see Introduction),
knockout animals cannot address this point, as they already lack
CKIs before the onset of terminal differentiation. Thus, the ap-
propriate means to investigate the role of inhibitory molecules
in maintenance of the postmitotic state is to acutely ablate them
after the establishment of this condition (Sage et al., 2003). Our
results are all the more unexpected, as the functional suppres-
sion of p21 has been reported to be insufficient to reactivate
C2C12 myotubes (Mal et al., 2000). However, this conclusion
was reached indirectly by suppressing p21 with an E1A mutant
whose other functions are incompletely understood; moreover,
the activity of the essential cdk4/6 kinase was not investigated.

The present results are consistent with our previous con-
clusion that the cdk4/6 kinase must be suppressed to conserve
the postmitotic state. Conversely, activation of this specific
kinase (but not other cdks) is sufficient to drive TD cells into
S phase (Latella et al., 2001). Indeed, we show here that CKI
removal results in the reactivation of cdk4 and cell cycle re-
entry. For the first time, however, TD cells have been reactivated
not through the forced expression of exogenous molecules but
by the ablation of endogenous inhibitors, highlighting the exis-
tence of latent kinase complexes, whose presence had previ-
ously drawn little attention. Furthermore, in light of potential
applications of our findings, it is certainly desirable to achieve
cell cycle reactivation with a comparatively mild, reversible
manipulation of endogenous molecules.

Although the reactivation of quiescent fibroblasts by
antisense suppression of p21 has been described previously
(Nakanishi et al., 1995), we show here that D cyclins are the main
players in such reactivation, which is similar to our finding in
the myotubes. By analogy with TD muscle cells, resting fibro-
blasts possess considerable levels of preformed cyclin D—cdk4
complexes, whose activity is counteracted by specific CKIs.

At least two pathways are deeply involved in determining
cell senescence: those of p53 and pRb. These two pathways
concur to establish senescence proliferation arrest, at least in
part, via p21 and p16. Although the roles of these two CKIs in
initiating cell senescence are firmly established, their contribu-
tion to the maintenance of this state is far less clear (Beausejour
et al., 2003). Our data show that even after its attainment, repli-
cative senescence must be actively maintained by expressing
high levels of cell cycle inhibitors. Removal of these CKIs
brings about not only cell cycle reactivation but, at least in the
short term, true cell proliferation. Whether CKI suppression is
sufficient to overcome both the senescence and crisis barriers to
immortalization remains to be investigated.

The absence of proliferation is usually thought of as a pas-
sive state deriving from the unavailability of key components of
the cell cycle engine, with particular emphasis on G1 cyclins
(Ekholm and Reed, 2000; Sherr and Roberts, 2004). In the present
study, we show that TD, quiescent, and senescent cells can be
reactivated by the sole removal of key CKIs. Thus, both tem-
porary and permanent growth arrest, far from being negatively
determined states, entail a relentless commitment by the cell,
which must actively maintain such states through the continuous,
critical expression of inhibitors. As a corollary, these results
imply that even cells in permanent, physiologically irreversible
arrested states harbor functionally relevant levels of key cyclins
whose unchecked activity is sufficient to reactivate the cell cycle.
The biological role of these cyclins in apparently incongruous
cellular environments remains to be investigated.

An ever-growing number of biotechnology applications
requires large quantities of specific cell types to be grown in the
shortest possible time, provided that this goal can be achieved
without introducing or causing harmful alterations in the cells
themselves. An ideal proliferation-inducing/accelerating pro-
tocol should leave the cell’s genome and differentiative properties
intact. A relatively gentle intervention such as reversible CKI
removal might fulfill these requirements, although its suitability
for these purposes must be thoroughly investigated. We believe
that the results summarized in this study have the potential to
allow, facilitate, and/or accelerate wound healing, tissue repair,
and in vitro culture of fastidious cell types. As CKIs are pivotal
inhibitors of proliferation in all of the cases assessed, their sup-
pression could be exploited to induce the proliferation of cell
types that cannot be currently cultured.

Materials and methods

Cells and adenoviruses

The mouse C2C12 myoblast cell line (Blau et al., 1985) was cultured as
previously described (Latella et al., 2001). Differentiation was induced by
plating the cells in DME containing 2% horse serum and 50 uM 1-B->-
arabinofuranosylcytosine (Latella et al., 2001). Myoblasts used as a reference
were synchronized in mid-G1 phase to approximate myotubes synchro-
nously reactivated by CKI knockdown. Synchronization was obtained by
serum starvation (2% horse serum) for 16 h followed by refeeding with
20% FBS for 8 h. Primary MSCs were isolated and cultured as previously
described (Rando and Blau, 1994; Tiainen et al., 1996a). Primary human
satellite cells were cultured in growth medium (PromoCell) and induced to
differentiate by plating them onto gelatin-coated dishes in DME containing
5 pg/ml human insulin, 5 pg/ml human holotransferrin, and 50 pM
1-B->-arabinofuranosylcytosine for 6 d. Wild-type and p21~/~ MEFs were
cultured in DME supplemented with 10% FBS (growth medium). MEF
conversion into muscle cells was obtained by infecting them with a recom-
binant adenovirus carrying MyoD at an infection multiplicity of 400. 4 d
later, terminal differentiation was induced following the same protocol
used for C2C12 myoblasts. Low passage human primary foreskin fibro-
blasts (FB1329) were cultured in growth medium; quiescence was induced
by switching confluent cultures to 0.1% FBS for 48 h. Synchronization in
mid-G1 phase, which was attained for the same reasons described for
C2C12 cells, was achieved by serum starving nonconfluent cultures in
0.1% FBS for 48 h followed by refeeding with 20% FBS for 8 h. Fibroblasts
became senescent after prolonged culturing (passage >40). Primary HEK
cells (a gift from S. Bacchetti, McMaster University, Hamilton, Ontario,
Canada) were grown in a-MEM supplemented with 10% FBS and 2 mM
l-glutamine. The overexpression of human cyclin D1 and cdk4 was obtained
by coinfecting C2C12 myotubes with the corresponding recombinant
adenoviruses (Latella et al., 2001) at infection multiplicities of 15 and 150,
respectively. Cultures were collected 24 h after infection and processed for
immunoprecipitation and mass spectrometry identification. The expression
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of dnK4 was obtained by infecting C2C12 myotubes or FB1329 cells with
a recombinant adenovirus (Latella et al., 2001) at a multiplicity of infection
of 800 or 150, respectively.

RNAI experiments

Target cells were ftransfected with the HiPerfect transfection reagent
(QIAGEN) complexed with siRNAs. We optimized the HiPerfect/siRNA ratio
to obtain efficient suppression of the target molecule with the smallest possible
amounts of both reagents. RNAi for a single molecule in C2C12, MSC,
and MEFs converted into myotubes was performed by complexing 6 .l
HiPerfect and 5 nM siRNA per 35-mm petri dish. Human satellite cell
myotubes, FB1329 fibroblasts, and HEK cells were interfered with 12 pl
HiPerfect and 10 nM siRNA per 35-mm petri dish. RNAi for multiple mole-
cules was performed by adding each siRNA at a final 5- or 10-nM concen-
tration, depending on the cell type, to the same volume of HiPerfect used
in single transfections. Transfection complexes were kept in the culture
medium until the end of the experiment.

Immunoprecipitation, mass spectrometry, and kinase activity

To identify cdk4-associated molecules, C2C12 myotubes infected with hu-
man cyclin D1- and cdk4-carrying adenoviruses were lysed in cdk4 immuno-
precipitation buffer containing 20 mM Hepes, pH 7.5, 250 mM NaCl,
5 mM MgCl,, 0.5 mM EGTA, 0.25% NP-40, 5 mM ATP, 1 mM DTT, 0.5 mM
PMSF, 10 pg/ml aprotinin, 10 pg/ml chymostatin, and 20 ng/ml
leupeptin. Cell lysates were briefly sonicated and centrifuged. The small-
scale analytical SDS-PAGE shown in Fig. 1 A was performed by immunoprecipi-
tating cdk4 from 1 mg of wholecell protein extracts, whereas large-scale
mass spectrometry sample preparation was performed as follows. 50 mg
of protein extract was subjected to 4 h of immunoprecipitation with a mix-
ture of antibodies to cdk4: mouse mAb-1 and rabbit pAb-5 antibodies to
human and mouse proteins, respectively (NeoMarkers), or control IgGs
(Bioscience) bound to magnetic beads (Dynal). After extensive washes, the
precipitates were detached from the antibodies by incubating the beads in
0.1 M glycine buffer, pH 3, supplemented with 0.1% Triton X-100 for 15 min;
the suspension was then neutralized with 0.75 M Tris, pH 8, boiled, and
separated on a 4-12% polyacrylamide gel (NuPAGE; Invitrogen). Selected
Coomassie-stained bands were removed and processed for mass spec-
trometry identification. In brief, gel slices were excised, treated essentially
as described previously (Shevchenko et al., 1996), and digested with
modified sequencing grade trypsin (Promegal). Liquid chromatography/
mass specfometry/mass spectometry analyses were performed on an ion
trap instrument (LCQ-DECA XP; Thermo Electron) equipped with a w-ESI
probe. Peptide mixtures were separated on a Cyg BioBasic column (100 x
0.18 mm; 5 um; Thermo Electron) at a 2 ul/min flow rate using a 60-min
linear gradient from 5 to 60% acetonitrile in 0.1% formic acid. Protein
identification was obtained using Bioworks Browser 3.1 software (Thermo
Electron) and searching against a human protein database from the National
Center for Biotechnology Information.

To evaluate cdk4 activity in C2C12 cells, myoblasts and myotubes
were lysed in cdk4 immunoprecipitation buffer and treated as described
for cdk4 immunoprecipitation. 1.8 mg of protein extract was subjected to
4 h of immunoprecipitation with the anti-cdk4 antibody Ab-5 or control IgG
bound to magnetic beads. After extensive washes, immunoprecipitates
were resuspended in kinase buffer (Latella et al., 2001), and the kinase as-
say was performed on a GST-Rb fragment substrate (Santa Cruz Biotech-
nology, Inc.) as previously described (Latella et al., 2001). Labeled proteins
were resolved on a 4-12% polyacrylamide gel and detected by auto-
radiography. To measure cyclin D1- and cyclin D3-associated kinase
activities in C2C12 cells, myoblasts and myotubes were lysed in cdk4 immuno-
precipitation buffer and treated as described for cdk4 immunoprecipitation.
350 pg of protfein extract was subjected to 3-h immunoprecipitation with
anti—cyclin D1 (72-13G; Santa Cruz Biotechnology, Inc.) or —cyclin D3
(C-16; Santa Cruz Biotechnology, Inc.) antibodies or control IgG bound to
protein G-Sepharose beads (GE Healthcare). Kinase assay and auto-
radiography were performed as previously described (Latella et al., 2001). To
assess cyclin E-associated kinase activity, C2C12 myotubes were lysed in
immunoprecipitation buffer, briefly sonicated, and centrifuged (Pajalunga
and Crescenzi, 2004). 3 mg of protein exiracts were immunoprecipitated
for 3 h with an anti-cyclin E antibody (M-20; Santa Cruz Biotechnology,
Inc.) or control IgG bound to magnetic beads. Immunoprecipitations were
performed as previously described (Pajalunga and Crescenzi, 2004).
Labeled proteins were resolved on a 4-12% polyacrylamide gel and de-
tected by autoradiography. To characterize cdk4 and cdké complexes in
human fibroblasts, proliferating and quiescent FB1329 cells were lysed
in cdk4 immunoprecipitation buffer and treated as described for cdk4
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immunoprecipitation. 1 mg of whole-cell lysates were subjected to 3 h of
immunoprecipitation with anti-cdk4 or <dké antibodies or control IgG bound
to protein G-Sepharose beads.

Microscopy, immunofluorescence, and acidic B-galactosidase assays
Pictures were obtained using a fluoresence microscope (Axioskop 2; Carl
Zeiss Microlmaging, Inc.) with a 20X NA 0.50 or a 40x NA 0.75 plan
Neofluar objective. Images were digitized with a camera (AxioCam; Carl
Zeiss Microlmaging, Inc.) and acquired with AxioVision 3.1 software (Carl
Zeiss Microlmaging, Inc.). Images were contrast enhanced by applying
the brightness/contrast regulation of Photoshop 7.0 software (Macintosh
version) to the whole image. Double immunofluorescence images were ob-
tained by superimposing two single-color pictures with Photoshop (Adobe).
In immunofluorescence procedures, mAbs to BrdU (Bu20a clone; Dako-
Cytomation) and myosin heavy chain (MyHC; MF20, Bader et al., 1982)
were used. AlexaFluor488- or 594-conjugated antisera to mouse Igs were
obtained from Invitrogen. Nuclei were counterstained with Hoechst 33258.
HEK cultures were stained for acidic B-galactosidase activity as described
previously (Dimri et al., 1995).

siRNAs

siGenome SMARTpool reagents (Dharmacon) composed of four siRNAs
were used to interfere with the following human and mouse transcripts:
CDKN1A (p21), CDKN1B (p27; human only), CDKN1C (p57), CDKN2A
(p16), CDKN2B [p15), CDKN2C (p18), CDKN2D (p19), CCND3 (cyclin
D3), and CCND1 (cyclin D1). The antisense sequence of the Individual
siGenome duplex (Dharmacon) for mouse p27 was 5’-P.UAUCCCGGCAG-
UGCUUCUCUU-3". Individual siRNAs for mouse p21 and cyclin D3
(siGENOME SMARTpool Upgrades; Dharmacon) were used in some ex-
periments; the antisense sequences are as follows: p21, #1 (5"-PCAAAGUUC-
CACCGUUCUCGUU-3'), #2 (5'-P.UUUCGGCCCUGAGAUGUUCUU-3'),
#3 (5’-P.CAACGGCACACUUUGCUCCUU-3'), and #4 (5'-P.GAACAGG-
UCGGACAUCACCUU-3'); and cyclin D3, #1 (5'-PAAUCACGGCAGCC-
AGGUCCUU-3'), #2 (5'-PUAUAGAUGCAAAGCUUCUCUU-3'), #3 (5'-P.
CUCGCAGGCAGUCCACUUCUU-3'), and #4 (5'-P.UACCUAGAAGCU-
GCAAUUGUU-3'). The siCONTROL Non-Targeting siRNA #2 (Dharmacon)
was transfected as a control.

Western blot analyses

Proteins were separafted on 4-12% polyacrylamide gels and analyzed
by Western blotting with the following mAbs or pAbs: mAbs to cyclin D1
(72-13G; Santa Cruz Biotechnology, Inc.), cyclin D2 (DCS-3; Abcam), p16
and human cdk4 (both Ab-1; NeoMarkers), p27 (Transduction Laboratories),
and B-ubulin (Sigma-Aldrich); pAbs to mouse cdk4 (Ab-5; NeoMarkers),
p18 (Biosource International), and p16, p21, p57, cyclin D3, cdk2, cdké,
and cyclin E (Santa Cruz Biotechnology, Inc.). Peroxidase-conjugated
antisera to mouse and rabbit Igs were purchased from BioRad Labo-
ratories. Western blots were developed using the SuperSignal kit (Pierce
Chemical Co.). In immunofluorescence procedures, mAbs to BrdU (Bu20a
clone; DakoCytomation) and MyHC (MF20; Bader et al., 1982) were
used. AlexaFluor-conjugated antisera to mouse Igs were obtained from
Invitrogen. Nuclei were counterstained with Hoechst 33258. HEK cultures
were stained for acidic B-galactosidase activity as described previously
(Dimri et al., 1995).

RT-PCR

In semiquantitative RT-PCR procedures, total cellular RNA was extracted
from MSC-derived myotubes with TRIzol reagent (Life Technologies).
cDNA synthesis and PCRs were performed starting from 1 pg of total
cellular RNA using the GeneAmp Gold RNA PCR Reagent kit (Applied
Biosystems). Individual CKls were amplified along with mouse B-actin in
the same test tube. PCRs proceeded for 25 or 30 cycles (p15 or p16 and
p19, respectively) on a personal machine (Mastercycler; Eppendorf).
The following primers were used: p15 forward, 5-GCCCAATCCAGGTC-
ATGATGATG-3’; p15 reverse, 5'-GATGGGGCTGGGGAGAAAGAAG-3’;
p16 forward, 5-GTCGCAGGTICTTGGTCACTG-3’; p16 reverse, 5-CGC-
ACGATGTCTTGATGTCCC-3’; p19 forward, 5-GTCTGCGTCGGCGAC-
CGGTTG-3'; p19 reverse, 5-CAGGAGCTAGGAAGCTGACCACG-3’;
B-actin forward, 5 TGTTACCAACTGGGACGACA-3’; and B-actin reverse,
5'-CTTTTCACGGTTGGCCTTAG-3'.

Recombinant proteins and absolute quantitations

For absolute quantitation of CKls in C2C12 and human fibroblasts, the fol-
lowing recombinanttagged proteins were used as standards: mouse GST-
p21, poly-His-p27, and human GST-p16, -p21, and -p27. A dilution curve
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of each reference protein was run on an SDS-PAGE gel along with the cell
extracts or immunoprecipitates to be quantitated, and the proteins were
analyzed by Western blotting. Developed films were computer scanned
and subjected to densitometry. The data thus acquired and the unknown
samples (lysates or immunoprecipitates) were plotted as exemplified in
Fig. S4 F, yielding raw quantity estimates that were corrected to take into
account the difference in the molecular weight of natural proteins and recom-
binant standards.

Densitometric evaluation of kinase assays

To directly compare the kinase activities associated with cyclin D1 and D3
(Fig. 3), the densitometric measurements of pertinent bands (GST-Rb) were
adjusted by subtracting their respective backgrounds (IgG). The adjusted
values were then normalized for immunoprecipitation efficiency, which
was calculated as follows: ODp/ODy X ugn/pge X 100, where ODp = OD
of the immunoprecipitated protein (arbitrary units), ODy = OD of the protein
band in the total lysate (arbitrary units), g = total lysate proteins loaded
(micrograms), and uge = amount of total lysate subjected to immuno-
precipitation (micrograms).

Online supplemental material

Fig. S1 shows p21 RNAi specificity and the knockdown efficiencies
of other CKls in mouse myotubes. Fig. S2 shows a characterization of
cyclin-cdk-CKI complexes and quantification of total and cdk4-bound p21
and p27 in mouse C2C12 cells. Fig. S3 shows cyclin D3 RNAi specificity.
Fig. S4 shows the expression of D-type cyclins, cdk4/6, p21, p27, and
p16 and cyclin D-cdk4 complexes in proliferating and quiescent human
fibroblasts. Onlinesupplementalmaterialisavailableathttp: / /www.jcb.org/
cgi/content/full/jcb.200608109/DC1.

We thank A. Felsani, M. Ceccarini, G. Macchia, R. Maione, M. Paggi, and
P. Adams for donating numerous reagents. We also thank S. Bacchetti and
M. D'Errico for providing cell strains and S. Bacchetti and S. Soddu for critical
reading of the manuscript.

This work was supported by funds granted to M. Crescenzi by
Telethon ltaly (grant GGPO5006), the lialian Association for Cancer Research,
Istituto Superiore di Sanita/National Institutes of Health Collaboration
program, and the ltalian Ministry of Health (Stem Cells grant CS5 and Ricerca
Finalizzata 2005).

Submitted: 17 August 2006
Accepted: 1 February 2007

References

Bader, D., T. Masaki, and D.A. Fischman. 1982. Immunochemical analysis of
myosin heavy chain during avian myogenesis in vivo and in vitro. J. Cell Biol.
95:763-770.

Baldin, V., J. Lukas, M.J. Marcote, M. Pagano, and G. Draetta. 1993. Cyclin D1
is a nuclear protein required for cell cycle progression in G1. Genes Dev.
7:812-821.

Bagui, T.K., S. Mohapatra, E. Haura, and W.J. Pledger. 2003. p27Kipl and
p21Cipl are not required for the formation of active D cyclin-cdk4
complexes. Mol. Cell. Biol. 23:7285-7290.

Beausejour, C.M., A. Krtolica, F. Galimi, M. Narita, S.W. Lowe, P. Yaswen, and
J. Campisi. 2003. Reversal of human cellular senescence: roles of the p53
and p16 pathways. EMBO J. 22:4212-4222.

Bischoff, FZ., S.O. Yim, S. Pathak, G. Grant, M.J. Siciliano, B.C. Giovanella,
L.C. Strong, and M.A. Tainsky. 1990. Spontaneous abnormalities in nor-
mal fibroblasts from patients with Li-Fraumeni cancer syndrome: aneu-
ploidy and immortalization. Cancer Res. 50:7979-7984.

Blau, H.M., G.K. Pavlath, E.C. Hardeman, C.-P. Chiu, L. Silberstein, S.G.
Webster, S.C. Miller, and C. Webster. 1985. Plasticity of the differenti-
ated state. Science. 230:758-766.

Bodnar, A.G., M. Ouellette, M. Frolkis, S.E. Holt, C.-P. Chiu, G.B. Morin, C.B.
Harley, J.W. Shay, S. Lichtsteiner, and W.E. Wright. 1998. Extension of
life-span by introduction of telomerase into normal human cells. Science.
279:349-352.

Bringold, F., and M. Serrano. 2000. Tumor suppressors and oncogenes in cellular
senescence. Exp. Gerontol. 35:317-329.

Brown, J.P., W. Wei, and J.M. Sedivy. 1997. Bypass of senescence after dis-
ruption of p21CIP1/WAFI gene in normal diploid human fibroblasts.
Science. 277:831-834.

Camarda, G., F. Siepi, D. Pajalunga, C. Bernardini, R. Rossi, A. Montecucco,
E. Meccia, and M. Crescenzi. 2004. A pRb-independent mechanism

preserves the postmitotic state in terminally differentiated skeletal muscle
cells. J. Cell Biol. 167:417-423.

Cenciarelli, C., F. De Santa, P.L. Puri, E. Mattei, L. Ricci, F. Bucci, A. Felsani,
and M. Caruso. 1999. Critical role played by cyclin D3 in the MyoD-
mediated arrest of cell cycle during myoblast differentiation. Mol. Cell Biol.
19:5203-5217.

Coller, H.A., L. Sang, and J.M. Roberts. 2006. A new description of cellular
quiescence. PLoS Biol. 4:e83.

Connell-Crowley, L., S.J. Elledge, and J.W. Harper. 1998. G1 cyclin-dependent
kinases are sufficient to initiate DNA synthesis in quiescent human
fibroblasts. Curr. Biol. 8:65-68.

Counter, C.M., A.A. Avilion, C.E. LeFeuvre, N.G. Stewart, C.W. Greider, C.B.
Harley, and S. Bacchetti. 1992. Telomere shortening associated with chro-
mosome instability is arrested in immortal cells which express telomerase
activity. EMBO J. 11:1921-1929.

Crescenzi, M., S. Soddu, and F. Tato. 1995. Mitotic cycle reactivation in ter-
minally differentiated cells by adenovirus infection. J. Cell. Physiol.
162:26-35.

Dimri, G.P, X. Lee, G. Basile, M. Acosta, G. Scott, C. Roskelley, E.E. Medrano,
M. Linskens, I. Rubelj, O. Pereira-Smith, M. Peacocke, and J. Campisi.
1995. A biomarker that identifies senescent human cells in culture and in
aging skin in vivo. Proc. Natl. Acad. Sci. USA. 92:9363-9367.

Dulic, V., L.F. Drullinger, E. Lees, S.I. Reed, and G.H. Stein. 1993. Altered regu-
lation of G, cyclins in senescent human diploid fibroblasts: accumulation
of inactive cyclin E-Cdk2 and cyclin D1-Cdk2 complexes. Proc. Natl.
Acad. Sci. USA. 90:11034-11038.

Ekholm, S.V., and S.I. Reed. 2000. Regulation of G(1) cyclin-dependent kinases
in the mammalian cell cycle. Curr. Opin. Cell Biol. 12:676-684.

Figliola, R., and R. Maione. 2004. MyoD induces the expression of p57Kip2
in cells lacking p21Cip1/Waf1: overlapping and distinct functions of the
two cdk inhibitors. J. Cell. Physiol. 200:468—475.

Gill, R M., R. Slack, M. Kiess, and P.A. Hamel. 1998. Regulation of expression
and activity of distinct pRB, E2F, D-type cyclin, and CKI family members
during terminal differentiation of P19 cells. Exp. Cell Res. 244:157-170.

Gire, V., and D. Wynford-Thomas. 1998. Reinitiation of DNA synthesis and cell
division in senescent human fibroblasts by microinjection of anti-p53
antibodies. Mol. Cell. Biol. 18:1611-1621.

Halevy, O., B.G. Novitch, D.B. Spicer, S.X. Skapek, J. Rhee, G.J. Hannon, D.
Beach, and A.B. Lassar. 1995. Correlation of terminal cell cycle arrest of
skeletal muscle with induction of p21 by MyoD. Science. 267:1018-1021.

Harper, J.W. 1997. Cyclin dependent kinase inhibitors. Cancer Surv. 29:91-107.

Hayflick, L., and P.S. Moorhead. 1961. The serial cultivation of human diploid
cell strains. Exp. Cell Res. 25:585-621.

Herbig, U., and J.M. Sedivy. 2006. Regulation of growth arrest in senes-
cence: telomere damage is not the end of the story. Mech. Ageing Dev.
127:16-24.

Huh, M.S., M.H. Parker, A. Scime, R. Parks, and M.A. Rudnicki. 2004. Rb is
required for progression through myogenic differentiation but not main-
tenance of terminal differentiation. J. Cell Biol. 166:865-876.

Itahana, K., Y. Zou, Y. Itahana, J.L. Martinez, C. Beausejour, J.J. Jacobs, M. Van
Lohuizen, V. Band, J. Campisi, and G.P. Dimri. 2003. Control of the rep-
licative life span of human fibroblasts by p16 and the polycomb protein
Bmi-1. Mol. Cell. Biol. 23:389-401.

Kerkhoff, E., and U.R. Rapp. 1997. Induction of cell proliferation in quiescent
NIH 3T3 cells by oncogenic c-Raf-1. Mol. Cell. Biol. 17:2576-2586.

Kiyono, T., S.A. Foster, J.I. Koop, J.K. McDougall, D.A. Galloway, and A.J.
Klingelhutz. 1998. Both Rb/p16INK4a inactivation and telomerase activity
are required to immortalize human epithelial cells. Nature. 396:84-88.

LaBaer, J., M.D. Garrett, L.F. Stevenson, J.M. Slingerland, C. Sandhu, H.S.
Chou, A. Fattaey, and E. Harlow. 1997. New functional activities for the
p21 family of CDK inhibitors. Genes Dev. 11:847-862.

Latella, L., A. Sacchi, and M. Crescenzi. 2000. Long-term fate of terminally
differentiated skeletal muscle cells following ElA-initiated cell cycle
reactivation. Cell Death Differ. 7:145-154.

Latella, L., A. Sacco, D. Pajalunga, M. Tiainen, D. Macera, M. D’ Angelo, A.
Felici, A. Sacchi, and M. Crescenzi. 2001. Reconstitution of cyclin D1-
associated kinase activity drives terminally differentiated cells into the
cell cycle. Mol. Cell. Biol. 21:5631-5643.

Lukas, J., T. Herzinger, K. Hansen, M.C. Moroni, D. Resnitzky, K. Helin, S.I.
Reed, and J. Bartek. 1997. Cyclin E-induced S phase without activation
of the pRb/E2F pathway. Genes Dev. 11:1479-1492.

Mal, A., D. Chattopadhyay, M.K. Ghosh, R.Y. Poon, T. Hunter, and M.L. Harter.
2000. p21 and retinoblastoma protein control the absence of DNA replica-
tion in terminally differentiated muscle cells. J. Cell Biol. 149:281-292.

Messina, G., C. Blasi, S.A. La Rocca, M. Pompili, A. Calconi, and M. Grossi.
2005. p27Kipl acts downstream of N-cadherin-mediated cell adhesion

CKils IN MAINTENANCE OF PROLIFERATION ARREST « PAJALUNGA ET AL.

/002 ‘¥1 yosey uo Bio qol"mmm woiy papeojumoq

817



818

to promote myogenesis beyond cell cycle regulation. Mol. Biol. Cell.
16:1469-1480.

Missero, C., E. Calautti, R. Eckner, J. Chin, L.H. Tsai, D.M. Livingston, and
G.P. Dotto. 1995. Involvement of the cell-cycle inhibitor Cip//WAF1 and
the E1A-associated p300 protein in terminal differentiation. Proc. Natl.
Acad. Sci. USA. 92:5451-5455.

Murray, A.W. 2004. Recycling the cell cycle: cyclins revisited. Cell.
116:221-234.

Myers, T.K., S.E. Andreuzza, and D.S. Franklin. 2004. p18(INK4c) and
p27(KIP1) are required for cell cycle arrest of differentiated myotubes.
Exp. Cell Res. 300:365-378.

Nakanishi, M., G.R. Adami, R.S. Robetorye, A. Noda, S.F. Venable, D. Dimitrov,
O.M. Pereira-Smith, and J.R. Smith. 1995. Exit from G, and entry into
the cell cycle of cells expressing p215%"! antisense RNA. Proc. Natl. Acad.
Sci. USA. 92:4352-4356.

Ohkubo, Y., T. Kishimoto, T. Nakata, H. Yasuda, and T. Endo. 1994. SV40 large
T antigen reduces the cell cycle in terminally differentiated myotubes
through inducing Cdk2, Cdc2, and their partner cyclins. Exp. Cell Res.
214:270-278.

Pajalunga, D., and M. Crescenzi. 2004. Regulation of cyclin E protein levels
through E2F-mediated inhibition of degradation. Cell Cycle. 3:1572-1578.

Parker, S.B., G. Eichele, P. Zhang, A. Rawls, A.T. Sands, A. Bradley, E.N.
Olson, J.W. Harper, and S.J. Elledge. 1995. p53-independent expression
of p21°P! in muscle and other terminally differentiated cells. Science.
267:1024-1027.

Parrinello, S., E. Samper, A. Krtolica, J. Goldstein, S. Melov, and J. Campisi.
2003. Oxygen sensitivity severely limits the replicative lifespan of murine
fibroblasts. Nat. Cell Biol. 5:741-747.

Rando, T.A., and H.M. Blau. 1994. Primary mouse myoblast purification, char-
acterization, and transplantation for cell-mediated gene therapy. J. Cell Biol.
125:1275-1287.

Ren, S., and B.J. Rollins. 2004. Cyclin C/cdk3 promotes Rb-dependent GO exit. Cell.
117:239-251.

Sage, J., GJ. Mulligan, L.D. Attardi, A. Miller, S. Chen, B. Williams, E.
Theodorou, and T. Jacks. 2000. Targeted disruption of the three Rb-
related genes leads to loss of G(1) control and immortalization. Genes Dev.
14:3037-3050.

Sage, J., A.L. Miller, P.A. Perez-Mancera, J.M. Wysocki, and T. Jacks. 2003.
Acute mutation of retinoblastoma gene function is sufficient for cell cycle
re-entry. Nature. 424:223-228.

Schneider, J.W., W. Gu, L. Zhu, V. Mahdavi, and B. Nadal-Ginard. 1994.
Reversal of terminal differentiation mediated by p107 in Rb™'~ muscle
cells. Science. 264:1467-1471.

Shay, J.W., O.M. Pereira-Smith, and W.E. Wright. 1991. A role for both RB
and p53 in the regulation of human cellular senescence. Exp. Cell Res.
196:33-39.

Sherr, C.J. 1994. G1 phase progression: cycling on cue. Cell. 79:551-555.

Sherr, C.J. 1995. D-type cyclins. Trends Biochem. Sci. 20:187-190.

Sherr, C.J., and J.M. Roberts. 1999. CDK inhibitors: positive and negative regu-
lators of G1-phase progression. Genes Dev. 13:1501-1512.

Sherr, C.J., and J.M. Roberts. 2004. Living with or without cyclins and cyclin-
dependent kinases. Genes Dev. 18:2699-2711.

Shevchenko, A., M. Wilm, O. Vorm, and M. Mann. 1996. Mass spectrometric
sequencing of proteins silver-stained polyacrylamide gels. Anal. Chem.
68:850-858.

Tiainen, M., D. Pajalunga, F. Ferrantelli, S. Soddu, G. Salvatori, A. Sacchi, and
M. Crescenzi. 1996a. Terminally differentiated skeletal myotubes are not
confined in Gy, but can enter G, upon growth factor stimulation. Cell
Growth Differ. 7:1039-1050.

Tiainen, M., D. Spitkovsky, P. Jansen-Diirr, A. Sacchi, and M. Crescenzi. 1996b.
Expression of E1A in terminally differentiated muscle cells reactivates the
cell cycle and suppresses tissue-specific genes by separable mechanisms.
Mol. Cell. Biol. 16:5302-5312.

Vaccarello, G., R. Figliola, S. Cramerotti, F. Novelli, and R. Maione. 2006.
p57Kip2 is induced by MyoD through a p73-dependent pathway.
J. Mol. Biol. 356:578-588.

Wang, J., and K. Walsh. 1996. Inhibition of retinoblastoma protein phosphoryla-
tion by myogenesis-induced changes in the subunit composition of the
cyclin-dependent kinase 4 complex. Cell Growth Differ. 7:1471-1478.

Weinberg, R.A. 1995. The retinoblastoma protein and cell cycle control. Cell.
81:323-330.

Zabludoff, S.D., M. Csete, R. Wagner, X. Yu, and B.J. Wold. 1998. p27%"' is
expressed transiently in developing myotomes and enhances myogenesis.
Cell Growth Differ. 9:1-11.

JCB « VOLUME 176 « NUMBER B « 2007

Zhang, P., C. Wong, D. Liu, M. Finegold, J.W. Harper, and S.J. Elledge. 1999.
p21(CIP1) and p57(KIP2) control muscle differentiation at the myogenin
step. Genes Dev. 13:213-224.

/002 ‘¥1 yosey uo Bio qol"mmm woiy papeojumoq



JCB

Home | Help | Feedback | Subscriptions | Archive | Search
Institution: Istituto Superiore di Sanita Sign In as Individual

HELP with High Resolution Image Viewing] This Article
. . . F Full Text
View Larger Version of this Image -
Services
KD c = N i
= Alert me to new content in the JCB
Pﬂ - s © &5 §
[=1 (=% [=
P-tub - | — — — — 5 . = = ot e
i k- = H
u
k.l
L pE1 — - 17.7
L
iu-
S p27 “ PR —— Y
3 M
3 H:] — - e
! -
“Tetr. #1 #2 #3 #4 pool sRna  PIE - 10
g g g g D — — ——
= = = R
W P " o
8 ® w E T K
pEv pl18
D < 3 s 3
= =
: g : E : %
o . =® Q 2 2 Q p 2
£ g8 & b r B = bp z o = bp
pls W

r—acﬁn B B 130 p-actin S . 130 P-actin -m

Figure S1. p21 RNAI specificity and CKI knockdown efficiencies. (A) C2C12 myotubes were
transfected with a pool of four siRNAs for p21, each component of the pool (1-4), or control
siRNA and analyzed 48 h later. (top) Western blot analysis of p21 in whole-cell lysates. (bottom)
Percentages of BrdU-positive myotubes. All bands shown belong to the same filter; irrelevant
lanes were spliced out. (B and C) C2C12 myotubes were transfected with siRNAs for single or
multiple CKls, and Western blot analyses of the indicated molecules were performed 48 h later.
B-tubulin (B-tub) is shown as a loading control. (D) Primary MSC-derived myotubes were
interfered for diverse CKls, and semiquantitative RT-PCRs were performed. B-actin is shown to
normalize for PCR efficiency. H,O, PCR performed without cDNA. Citr, control.
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Figure S2. Characterization of cyclin-cdk-CKI complexes in mouse C2C12 cells. (A and B)
C2C12 myotubes were transfected with p21 or control siRNAs and subjected to cyclin D1 (A) or
cyclin D3 (B) IP 22 h later. Synchronized proliferating myoblasts (see Materials and methods for
details) are shown for reference. Western blot analyses of the indicated CKls were performed
on total lysates, cyclin D1 (A), and cyclin D3 (B) coimmunoprecipitates. Western blots of cyclin
D1 and cyclin D3 are the same as those shown in Fig. 3 A. B-tubulin (B-tub) is shown as a
loading control. (C) Western blot analyses of the indicated molecules in whole-cell lysates or
anti-cdk4 (a-cdk4) immunocomplexes from C2C12 myoblasts and myotubes. | ctr, loading
control. (D) Densitometry-assisted absolute quantitation of total and cdk4-bound p21 and p27
shown in C (see Materials and methods for details). (E) Western blot analyses of the indicated
molecules performed as in C. IgG, control IP from myotube lysates performed with normal Igs.
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Figure S3. Cyclin D3 RNAi specificity. C2C12 myotubes were cotransfected with p21 siRNA 4
(see Fig. S1 A) along with a pool of four siRNAs for cyclin D3, each component of the pool (1-
4), or control siRNA and were analyzed 48 h after transfection. (top) Western blot analysis of
cyclin D3 in whole-cell lysates. B-tubulin (B-tub) is shown as a loading control. (bottom)
Percentages of BrdU-positive myotubes.
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Figure S4. Molecular characterization of human foreskin fibroblasts. (A and B) Western blot
analyses of the indicated molecules in whole-cell lysates of mid-G1-phase synchronized,
proliferating (prol), and quiescent (quiesc) cells. (C) Western blot analyses of the indicated
molecules in anti-cdk4 (a-cdk4) immunocomplexes from synchronized, proliferating, and
quiescent cells. Similar analyses were performed with cdk6 immunocomplexes. No cyclin was
detectably associated with cdk6 in quiescent fibroblasts (not depicted). (D) Densitometry-
assisted absolute quantitation of p21, p27, and p16 in synchronized, proliferating, and quiescent
fibroblasts. (E) Example of a quantitative experiment used to derive the data shown in D.
Decreasing amounts of recombinant GST-p21 protein were loaded along with whole-cell lysates
from synchronized, proliferating, and quiescent cells. (F) Example of the densitometry plot used
to calculate the data reported in D. Individual reference curve points (open circles) of E were
plotted, and a linear regression was calculated (black line). Data from lysates (closed circles)
were interpolated. See Materials and methods for details.
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