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Abstract Loss of sensitivity to the negative growth regulator transforming growth factor b (TGFb) is a feature of
many different tumor types and is likely involved in tumor progression. In some cases this loss of sensitivity to TGFb has
been shown to be manifest in the absence of membrane-associated TGFb receptor complexes, thus preventing initiation
of antiproliferative signals from the cell surface. In others, loss of sensitivity to TGFb-induced inhibitory signals has been
attributed to loss of function of intracellular effectors of TGFb-induced inhibitory signals due to mutation or allelic loss of
effector genes and their products. The intracellular effectors of TGFb inhibitory signals have been shown to be involved
in the normal regulation of progression through the cell cycle, specifically during G1 phase. In this manner, elucidation
of the mechanisms by which TGFb inhibits cell growth not only helps us identify steps involved in tumor progression,
but also allows us to better understand how cells regulate progression through the cell cycle. J. Cell. Biochem.
66:427–432, 1997. r 1997 Wiley-Liss, Inc.
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INTRODUCTION

A number of cell cycle-regulated factors have
been implicated in mediating TGFb-induced
antimitogenic signals and the subsequent G1

arrest [for review, see Alexandrow and Moses,
1995]. Recently, two of these factors have re-
ceivedmuch attention concerning their involve-
ment in cell cycle regulation and TGFb-induced
growth arrest, specifically with regard to re-
sults showing a possible regulatory function of
one factor toward the other. These two factors
are the product of the c-myc proto-oncogene and
a member of the CIP/KIP cyclin-dependent ki-
nase (Cdk) inhibitor family, p27Kip1.

MYC AND CDK INHIBITORS IN THE
CELL CYCLE

Although c-myc has been the focus of much
research for more than a decade, the mecha-
nisms by which c-myc contributes to cell prolif-
eration are not completely understood. Expres-

sion of the c-myc gene is rapidly induced
following mitogenic stimulation of resting cells,
peaking within a short time, and then decaying
to a suprabasal level throughout following cell
cycles [Greenberg and Ziff, 1984; Hann et al.,
1985; Kelly et al., 1983]. Expression is down-
regulated in quiescent and differentiating cells,
andmany tumor types showderegulated expres-
sion of c-myc due to activating translocations,
amplifications, or overexpression of the gene
product [reviewed in Alitalo et al., 1987]. The
requirement for c-myc in the cell cycle derives
largely from experimental data based primar-
ily on antisense approaches in which loss of
c-myc expression leads to an antiproliferative
effect and accumulation of cells in the G1 phase
of the cell cycle [Gai et al., 1990; Pietenpol et
al., 1990a; Münger et al., 1992]. In a similar
approach, targeted loss of one allele of c-myc in
a cultured cell system resulted in a slower
growth rate that was reversed upon introduc-
tion of an exogenous c-myc transgene [Hart-
sough and Mulder, 1995; Hanson et al., 1994].
Cells that express exogenous c-myc constitu-
tively or as activated conditional alleles fail to
arrest in response to growth factor deprivation
in culture [reviewed in Evan and Littlewood,
1993], and mice containing homozygous dele-
tions of c-myc do not survive early embryogen-
esis [Davis et al., 1993]. Together these data
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suggest that c-myc normally functions to regu-
late progression through the G1 phase of the
cell cycle and that loss of regulation of c-myc
antagonizes at least some of the mechanisms
that negatively regulate G1 progression.
Experimental evidence has led to the general

consensus that the c-Myc protein functionsmost
likely as a transcription factor during G1 phase
[Meichle et al., 1992; Dang, 1991; Marcu et al.,
1992; Bishop et al., 1991, and references
therein]. The observations that c-Myc contains
basic/helix-loop-helix/leucine zippermotifs com-
mon to the bHLH-LZ family of transcription
factors and can bind DNAin a sequence-specific
manner as a heterodimer with an unrelated
bHLH-LZ protein, Max, strongly support a role
for c-Myc in transcriptional regulation [Fisher
et al., 1993; Amati et al., 1993]. Experimental
evidence has suggested a direct correlation be-
tween transformation by c-Myc and the ability
of c-Myc to regulate gene expression [Meichle et
al., 1992, and references therein]. Mutation of
the bHLH-LZ regions as well as at least one
highly conserved amino-terminal domain of c-
Myc results in both a transcriptionally defec-
tive protein as well as a transformation defec-
tive protein [Steiner et al., 1995; Meichle et al.,
1992]. The expression of key cell cycle proteins,
cyclins A, E, and D1, has also been shown, at
least indirectly, to be influenced by c-Myc ex-
pression [Jansen-Dürr et al., 1993; Shibuya et
al., 1992; Philipp et al., 1994; Hanson et al.,
1994; Roussel et al., 1995]. Certain studies have
shown that expression of cyclinA, in particular,
may link c-myc to transformation and perhaps
to other c-myc-induced effects on cell growth
[Barrett et al., 1995; Hoang et al., 1994].
Progression through the cell cycle inmamma-

lian cells is governed by several related kinases
called cyclin-dependent kinases in complexes
with regulatory cyclin subunits [for review, see
Sherr, 1994]. Cyclin-dependent kinases have
been shown to be subject to negative regulation
by proteins that inhibit Cdk activity through
stoichiometric mechanisms [for reviews, see
Hunter, 1993; Sherr and Roberts, 1995]. These
regulatory proteins, known as Cdk inhibitors,
apparently act to inhibit Cdk activity either by
sterically preventing Cdk-activating kinase
(CAK) from phosphorylating the Cdks or by
blocking cyclin association with the catalytic
subunits. Two families of mammalian inhibi-
tors have been identified. One family includes
p16INK4A, p15INK4B, p18INK4C, and p19INK4D [re-

viewed in Sherr and Roberts, 1995]. The INK4
family appears to prevent Cdk activation, spe-
cifically that of Cdk-4 and Cdk-6 associated
with D-type cyclins, by blocking binding of the
cyclin regulatory subunits. Overexpression of
the INK4 inhibitors blocks cell proliferation,
and the location of some of the INK4 genes at
sites of chromosomal deletions or mutations in
certain malignancies suggests that they are
candidate tumor suppressor genes and likely
involved in regulating cell cycle progression
[Sherr and Roberts, 1995; Hunter, 1993, and
references therein].
The second family of Cdk inhibitors includes

p21WAF1/CIP1, p27KIP1, and p57KIP2. In vitro, these
inhibitors have been shown to inhibit the activ-
ity of cyclin D/Cdk-4, cyclin D/Cdk-6, cyclin
E/Cdk-2, and cyclinA/Cdk-2 [reviewed in Sherr
and Roberts, 1995]. These inhibitors appear to
prevent CAK from phosphorylating the Cdks
but do not appear to alter the activity of CAK
itself. As with the INK4 family, CIP/KIP inhibi-
tors have also been shown to cause G1 arrest
when overexpressed in mammalian cells sug-
gesting a likely role in regulation of G1 progres-
sion. As will be discussed below, the participa-
tion of one of the CIP/KIP inhibitors, p27KIP1
(referred to as Kip), in G1 progression has itself
served as the focus of much research owing in
large part to data suggesting a functional role
for Kip in the mechanisms underlying TGFb-
induced cell cycle arrest [for review, seeAlexand-
row and Moses, 1995].
Studies from at least two independent groups

have uncovered a potentially important connec-
tion between the function of the c-Myc protein
in promoting G1 progression and the function of
the Kip inhibitor in restricting G1 progression.
Eilers and colleagues [Steiner et al., 1995] have
found that in serum-starved rat fibroblasts acti-
vation of a conditional c-Myc protein leads to
increased kinase activity of the cyclin E/Cdk-2
complex and that the mechanism underlying
this Myc-dependent effect involves loss of total
levels of the Kip protein from the cell likely
followed by a reduced association of the inhibi-
tor with the cyclin E/Cdk-2 complex. Their data
also suggests that the ability of c-Myc to posi-
tively regulate the cyclin E/Cdk-2 kinase activ-
ity is dependent on the transactivation function
of c-Myc as the effect on kinase activity is sensi-
tive to actinomycin and requires the DNA-
binding and heterodimerization domains of the
c-Myc protein. This makes it interesting to
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speculate that loss of Kip from the cells re-
quires Myc-dependent transcriptional stimula-
tion of a factor(s) which, at least indirectly,
negatively regulates Kip protein levels in the
cells.
In support of the model generated from the

above data, Amati and colleagues [Vlach et al.,
1996] recently showed that overexpression of
c-Myc can counteract the negative regulatory
effects on cell growth of overexpressed Kip. In
contrast to cells that are overexpressing Kip
alone, cells overexpressing Kip in the presence
of deregulated c-Myc expression progress
through the cell cycle and the kinase activities
associated with cyclin E and Cdk-2 remain ac-
tive. Their data also suggest, in partial disagree-
ment with that of the Eilers group, that c-Myc
overexpressing cells do not induce Kip degrada-
tion nor a modification of the Kip protein that
inactivates the function of the inhibitor. As
these Myc-expressing cells apparently remain
in the cell cycle despite high Kip protein levels,
the mechanism underlying the Myc-dependent
effects on inhibitor function remains to be eluci-
dated.
Altogether, an attractive model suggesting a

novel role for c-Myc in cell cycle progression
emerges from the research discussed above (Fig.
1). During the normal progression of cells from
a quiescent state into a replicative state, induc-
tion of c-Myc early in G1 may lead to negative
regulation of the function of one or more Cdk
inhibitors, more specifically Kip. Mechanisti-
cally, the c-Myc protein may transactivate a
factor(s) that stimulates removal of Kip from
the cyclin E/Cdk-2 complex allowing activation
of the kinase and progression into S phase.
Subsequent to removal from the kinase com-
plex, Kip is either degraded or held in an inac-
tive state until the influence of c-Myc is re-

moved from the cell. In the situation where
cells are cycling without entering a G0 period,
c-Myc is continually expressed and thus would
prevent association of Kip with the kinase com-
plex as cells progress from mitosis into the
following G1 and S phases. In addition to the
studies discussed above, other support for this
model comes from recent data showing that
elimination of Kip from fibroblasts allows cell
cycling in the absence of growth factors [Coats
et al., 1996]. As deregulated Myc expression
also allows cell cycling in the absence of growth
factors [Jansen-Dürr et al., 1993; Bishop et al.,
1991], it is intriguing to speculate that one
mechanism by which growth factors stimulate
progression through the cell cycle involves up-
regulation of Myc followed by Myc-induced dis-
sociation of Kip from cyclin/Cdk complexes.

MYC AND KIP IN TGFb REGULATION

Regulation of Kip function by c-Myc also has
important implications for antimitogenic signal-
ing by TGFb. Evidence has suggested that both
c-Myc and Kip may perform pivotal roles in the
mechanismsmediating TGFb-induced cell cycle
arrest. The expression of c-myc at the mRNA
and protein levels is rapidly downregulated fol-
lowing TGFb treatment of a variety of cell types
[reviewed inAlexandrow andMoses, 1995], and
deregulated expression of c-Myc in at least two
different cell types overrides the inhibitory ef-
fect of TGFb [Alexandrow et al., 1995; Selvaku-
maran et al., 1994]. Two groups have shown
independently that treatment of mink lung epi-
thelial cells with TGFb results in the associa-
tion of Kip with the cyclin E/Cdk-2 complex
followed by inactivation of its kinase activity
and failure of the cells to progress into S phase
[Polyak et al., 1994; Slingerland et al., 1994]. In
further support of a role for Kip in the response
to TGFb, it has recently been shown that the
adenoviral E1A oncoprotein can bind to and
prevent Kip from inhibiting the activity of the
cyclin E/Cdk-2 complex [Mal et al., 1996]. As
earlier studies have shown that expression of
either the E1A or SV40 T antigen oncoproteins
can render cells insensitive to the inhibitory
effects of TGFb through inactivation of the pRB
tumor suppressor protein [Laiho et al., 1990;
Pietenpol et al., 1990b], these recent results
suggest that the effects of E1A on cell cycle
progression and TGFb-induced growth arrest
may be mediated, at least in part, by direct
regulation of the function of the Kip inhibitor.

Fig. 1. Proposed model of cyclin-dependent kinase regulation
by c-Myc.
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Perhaps unexpectedly, studies of lympho-
cytes obtained from mice carrying a homozy-
gous deletion of p27 Kip1 have shown that,
although they completely lack Kip, these cells
are still sensitive to the growth-inhibitory ef-
fects of TGFb1 [Nakayama et al., 1996], imply-
ing that Kip is not essential for TGFb1-induced
growth arrest. In addition, unpublished results
from our laboratory have shown that in mouse
keratinocytes TGFb1 can inhibit progression
into S phase in the absence of an inhibitory
effect on cyclin E/Cdk-2 kinase activity (McDon-
nell M, Alexandrow MG, Moses HL, unpub-
lished observations, 1997), which is the kinase
complex hypothesized to be the TGFb1-induced
target of p27 Kip1 [Polyak et al., 1994; Reynis-
dottir et al., 1995; Slingerland et al., 1994].
These data also support the idea that function
of p27 Kip1 is not necessary for TGFb1 to
induce growth arrest. However, it is likely that
TGFb1 treatment of cells results in multiple
negative effects on the cell cycle machinery
[Alexandrow and Moses, 1995] and the pres-
ence of any one or more negatively regulated
pathways may be sufficient to block cell cycle
progression, even in the absence of p27 Kip1
function. Additionally, as TGFb1 elicits mul-
tiple effects on cells [Moses et al., 1993], only
one of them being growth arrest, it is also
possible that Kip functions in some other as-
pect(s) of TGFb1 signaling.

PROPOSED MODEL INVOLVING MYC, KIP,
AND TGFb1

As a result of the recent data suggesting that
c-Myc may negatively regulate the function of
the Kip inhibitor, an attractive model unifying
the involvement of c-Myc and Kip in TGFb-
induced inhibitory responses emerges (Fig. 2).
In this model, entry of cells into the cell cycle
from quiescence in the presence of TGFb (or
treatment with TGFb during G1) would result
in the lack of induction (or inhibition) of c-Myc
expression during G1 phase, an effect of TGFb
treatment observed in several different cell
types, including mink lung epithelial cells [re-
viewed in Alexandrow and Moses, 1995]. As
predicted by the work of the Eilers and Amati
groups, one effect of loss of c-Myc expression
would be the inability of the cells to negatively
regulate the activity of the Kip inhibitor. This
effect of c-Myc loss would be manifest in the
increased association of Kipwith cyclin E/Cdk-2
complexes in cells treated with TGFb. As dis-

cussed above, increased association of Kip with
the cyclin E/Cdk-2 complex has been observed
in TGFb-treated cells, and the enzymatic activ-
ity of the kinase complex is inhibited in the cells
[Polyak et al., 1994; Slingerland et al., 1994].
Two different laboratories have shown that

deregulated expression of exogenous c-Myc in
TGFb-sensitive cells overrides the negative ef-
fect of TGFb on the cells and allows progression
into S phase to occur [Alexandrow et al., 1995;
Selvakumaran et al., 1994]. One interpretation
of these results is that overexpression of c-Myc
in the cells is dissociating or preventing the
association of Kip (or other inhibitors) with the
cyclin E/Cdk-2 complex allowing normal kinase
activity and aiding in cell cycle progression
(Fig. 2). However, in light of the recent data
suggesting that Kip is not essential for TGFb1-
induced growth arrest, it is likely that overex-
pression of Myc in TGFb1-sensitive cells is af-
fecting other cell cycle-regulated events in
addition to the Kip pathway and that the cumu-
lative effects of Myc-induced signals are to-
gether responsible for abrogation of TGFb1-
induced growth arrest. Although this effect of
c-Myc in TGFb-treated cells, as well as other
mechanistic details, will require further experi-
mental verification, the proposedmodel explain-
ing at least one mechanism by which TGFb
arrests G1 progression remains a viable possibil-
ity for future experimental design. In addition,
as recent evidence has shown a possible func-
tion of Mad (for Mothers against decapentaple-
gic) proteins in TGFb-induced signal transduc-
tion pathways [Arora et al., 1995; Savage et al.,
1996; Eppert et al., 1996; Zhang et al., 1996], it
will also be interesting to determine whether

Fig. 2. Proposed mechanisms of TGFb-induced growth arrest
and the effects of deregulated c-Myc expression.

430 Alexandrow and Moses



one ormoreMad proteins regulatesMyc expres-
sion (and subsequently Kip function) in TGFb-
sensitive cells. Such regulation of Myc and Kip
by these Mad proteins would demonstrate the
first example of a TGFb receptor-induced signal-
ing cascade leading to downstream negative
effects on Cdk function and cell cycle progres-
sion.
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Roberts JM, KoffA (1994): p27Kip1, A cyclin-Cdk inhibitor,
links transforming growth factor-b and contact inhibi-
tion to cell cycle arrest. Genes Dev 8:9–22.

Reynisdottir I, Polyak K, Iavarone A, Massagué J (1995):
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