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The antimitogenic action of transforming growth factor 3 (TGF-B) in epithelial cells involves cyclin-
dependent kinase (cdk) inhibitory gene responses and downregulation of c-Myc expression. Although the cdk
inhibitory responses are sufficient for G, arrest, enforced expression of c-Myc prevents G, arrest by TGF-3. We
investigated the basis of this antagonism by using Mv1Lu lung epithelial cell lines that conditionally express
levels of human c-Myc. We show that c-Myc prevents induction of the cdk4 inhibitor p15™*** and the
subsequent inhibition of G, cdks by TGF-. We assessed the significance of this effect by analyzing the
oligomeric state of cdk4 in these cells. In proliferating cells, endogenous cdk4 is distributed among three
populations: an abundant high-molecular-mass (>400-kDa) pool of latent cdk4 that serves as a source of cdk4
for cyclin D, a low-abundance pool containing active cyclin D-cdk4 complexes, and an inactive population of
monomeric cdk4. Cell stimulation with TGF-3 converts the latent and active cdk4 pools into inactive cdk4, an
effect that is specifically mimicked by overexpression of p15 but not by other forms of G, arrest. This process
of TGF-B-induced cdk4 inactivation is completely blocked by expression of c-Myc, even though the latent and
active cdk4 complexes from c-Myc-expressing cells remain sensitive to dissociation by p15 in vitro. c-Myc
causes a small increase in cyclin D levels, but this effect contributes little to the loss of TGF-f3 responses in
these cells. The evidence suggests that c-Myc interferes with TGF-f3 activation of the p15 G, arrest pathway.

TGF- must therefore downregulate c-Myc in order to activate this pathway.

Transforming growth factor 3 (TGF-B) inhibits the prolif-
eration of epithelial, endothelial, hematopoietic, and certain
mesenchymal cell types by restricting progression through the
G, phase of the cell cycle (reviewed in references 2, 33, 44, and
49). The antimitogenic response to TGF- is generally medi-
ated by two classes of rapid gene responses: (i) gene responses
that directly compromise the activity of G,-phase cyclin-depen-
dent kinases (cdk4, cdk6, and cdk2), and (ii) downregulation of
c-myc. The cdk-inhibitory responses can vary depending on the
cell type. In some cases, TGF- rapidly elevates the expression
of p15™&#" (henceforth referred to as p15), which is a specific
inhibitor of the early G, cyclin D-dependent cdks, cdk4 and
cdk6 (15, 48). High levels of p15 can induce a redistribution of
p27%P! from active p27-cyclin D-cdk4/6 complexes to cyclin
E-cdk2, inactivating this late G,/S kinase (47). In other in-
stances, TGF-B elevates the expression of the cdk inhibitor
p21<P! with or without p15 induction (10, 31, 48). However, in
other cases, TGF- rapidly decreases the expression of the cdk
tyrosine phosphatase Cdc25A, causing the accumulation of
inhibitory tyrosine phosphorylation in cdk4 and cdk6 (20). The
dependence of TGF-B gene responses on the type and devel-
opmental state of the cell is thought to be determined by the
presence of specific DNA-binding cofactors that take the
TGF-B signal-transducing proteins (the Smads) to the regula-
tory region of each target gene (reviewed in reference 32).

In contrast to this variability in cdk-inhibitory responses, a
rapid and profound decline in c-myc expression is a general
feature of TGF-B antiproliferative responses (2). c-Myc is
short-lived, and downregulation of its mRNA by TGF-@ results
in a rapid loss of the protein (20, 31, 43). c-Myc is thought to
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act as a transcriptional activator of certain genes whose prod-
ucts foster G, progression in the presence of balanced mito-
genic stimuli (reviewed in references 9, 14, and 18) and lead to
apoptosis under conditions of proliferative stress (12). c-Myc
can also act as a transcriptional repressor (6, 18). c-Myc can
favor the generation of active cdk complexes by mechanisms
that remain ill-defined (1, 27, 38, 41, 60). The significance of
c-Myc downregulation in TGF-B action is underscored by the
observation that overexpression of exogenous c-Myc renders
cells resistant to the antimitogenic effect of TGF-B (2, 57).

An important question raised by these observations is the
following: if TGF-B can exert a potent cdk-inhibitory effect
(e.g., through induction of p15), why is c-myc downregulation
needed for a TGF-B antimitogenic response? We have inves-
tigated this question by using Mv1Lu mink lung epithelial cells
that express human c-Myc under the control of a conditional
promoter. The parental Mv1Lu cell line has one of the best-
characterized antimitogenic responses to TGF-B. Addition of
TGF-B to these cells causes a rapid increase in p15 expression,
which leads to the conversion of active p27-cyclin D-cdk4 com-
plexes into inactive p15-cdk4/6 complexes with a displacement
of p27 from these kinases (47, 48). p27 then causes cdk2 inac-
tivation by forming inactive p27-cyclin E-cdk2 complexes (22,
45, 48). This loss of G, cdk activities and the resultant accu-
mulation of pRb protein in the hypophosphorylated state
cause an arrest of G, progression (25). A similar increase in
pl5 expression is sufficient for G, arrest in these cells (47).
However, like other cell types, Mv1Lu cells rapidly downregu-
late c-myc in response to TGF-B (61) and, as we show here,
preventing this decrease by enforced expression of exogenous
c-Myc interferes with the TGF-B antiproliferative response.
Investigating the mechanism by which enforced c-Myc expres-
sion silences the TGF-B antimitogenic action, we unexpectedly
found that the presence of c-Myc prevents activation of the p15
pathway by TGF-B.
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MATERIALS AND METHODS

Cell culture and transfection. The human c-myc cDNA was cloned into the
Xbal site of the pUHD10-3 hygromycin vector (48). The mink lung epithelial cell
line Mv1Lu-tTA (48) was maintained in minimal essential medium supple-
mented with 10% fetal bovine serum (FBS) plus 0.5 mg of G418 per ml. Mv1Lu-
tTA cells were transfected with pUHD10-3 hygromycin—c-myc by the Lipofectin
procedure as specified by the manufacturer (GIBCO-BRL). c-Myc inducible
clones were selected as described previously (48). Three clones, TM1, TM2, and
TM3, were further subcloned by end dilution to obtain the cell lines analyzed in
this study. Human cyclin D1 ¢cDNA was subcloned into the Xbal site of
pUHDI10-3 hygromycin and transfected with Lipofectin, and inducible clones
were selected as described above. tet-p27, tet-p15, and tet-K4 cell lines have been
previously described (47, 48). All tet cell lines were selected and maintained in
minimal essential medium plus 10% FBS, 0.5 mg of G418 per ml, 0.3 mg of
hygromycin per ml, and 1 ug of tetracycline per ml.

HaCaT keratinocytes (a gift from N. Fusenig) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% FBS. The simian virus 40
large T antigen-immortalized human lung epithelial cell line HPL1 (34) was a gift
of T. Takahasi. Cell lines obtained from the American Type Culture Collection
included SW480, K562, CA46, and ST486. The human colon adenocarcinoma
cell line SW480 was maintained in DME plus 10% FBS, whereas the human
leukemia cell line K562 was grown in RPMI plus 10% FBS. The Burkitt’s
lymphoma cell lines CA46 and ST486 were maintained in RPMI plus 20% FBS.

Immunoprecipitation and immunoblotting assays. The Tet-Myc cells were
grown to near confluence and then split 1:3 into medium containing no tetracy-
cline or 1 pg of tetracycline per ml. After a 20-h incubation, the cells were
harvested by trypsinization or treated further with 200 pM TGF-B1 (R&D
Systems, Minneapolis, Mn.). Cell pellets from tet cells were lysed by a published
procedure (35). After lysates were precleared for 1 h with protein A-Sepharose
and normal rabbit serum, they were immunoprecipitated with the appropriate
antibodies for 3 to 16 h at 4°C. The protein complexes that bound to protein
A-Sepharose were washed four times with immunoprecipitation buffer (35) and
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

For Western immunoblotting analysis, the immunoprecipitates or aliquots (0.2
mg of protein) of cell lysate were separated by SDS-PAGE and transferred to
polyvinylidene difluoride (Immobilon-P) membranes. The blots were probed
with the appropriate primary antibody followed by a protein A-conjugated horse-
radish peroxidase (Sigma) or anti-mouse immunoglobulin G secondary antibody
(Pierce) before being visualized by enhanced chemiluminescence (ECL or
ECLplus; Amersham).

Antibodies. Antibodies against human c-Myc (sc-40, 9E10), cyclin D1 (sc-753,
sc-718), cdk6 (sc-177, C21), cyclin D2 (sc-181), or human pl5 (sc-612) were
purchased from Santa Cruz Biotechnology. Anti-Rb antibody (14001A from
Pharmingen) recognizes the hypo- and hyperphosphorylated pRb. Anti-hsp90
antibody (NM Ab-1, anti-hsp86) was obtained from Neomarkers. The anti-p27,
anti-cdk2, and anti-mouse cdk4 antibodies were described previously (47, 48).
The anti-mink cdk4 antibody was raised in rabbits by using a synthetic mink cdk4
carboxyl-terminal peptide (CKRISAFRALQHSYLQKPEGNP; purchased from
Chiron) by using standard methods (16).

Kinase assays. Kinase assays were performed with cell lysates, prepared as
described above for immunoprecipitations. To measure cdk2 kinase activity, 0.5
mg of lysates was immunoprecipitated and analyzed as previously described (35),
using H1 histone as a substrate. Due to the inability of mink cdk4 antibodies to
support Rb kinase activity, cdk4 kinase activity was measured from tet-K4 cells,
which express mouse cdk4. tet-K4 cells grown in the absence of tetracycline were
fractionated by Superdex 200 gel filtration chromatography and fractions were
pooled as indicated. Kinase activity was analyzed as previously described (35),
using the “large-pocket” region of pRb (glutathione S-transferase-Rb fusion,
amino acids 379 to 928) as a substrate.

Flow cytometric cell cycle analysis. Stained nuclei were prepared by hypotonic
lysis of cells in a mixture of 0.03% Nonidet P-40, 10 mM NaCl, 1 mg of sodium
citrate per ml, ethidium bromide (25 wg/ml), and RNase (10 pg/ml) at room
temperature for 30 min. After addition of 80 mM citric acid, 250 mM sucrose,
and 40 pg of ethidium bromide per ml, the nuclei were either immediately
analyzed with a FACScan apparatus (Becton Dickinson) or stored at 4°C for
later analysis.

Northern analysis. Poly(A)" RNA was prepared from snap-frozen cell pellets
by using the Micro-FastTrack kit (Invitrogen). For Northern blot analysis, RNA
samples were fractionated on 1% agarose gels containing 0.22 M formaldehyde,
1 mM EDTA, 5 mM sodium acetate, 20 mM morpholinepropanesulfonic acid
(MOPS), and 0.1 pg of ethidium bromide per ml. The gels were destained by
being washed in water, photographed under UV illumination to check RNA
integrity, transferred onto a nylon membrane (Nytran plus; Schleicher & Schuell)
by capillary blotting in 20X SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate), and fixed by UV cross-linking. Prehybridization was carried out at 42°C
for 2 to 6 h in a mixture of 50% formamide, 5X SSC, 5X Denhardt’s solution,
0.1% SDS, 100 pg of salmon sperm DNA per ml, and 40 pg of tRNA per ml.
Hybridization was then performed overnight at 42°C after addition of labeled
DNA. The DNA probe for mink p15™%4" was prepared and labeled as described
previously (48), as was the PAI-I probe (61). To control for loading, the North-
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ern blots were probed with the glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) housekeeping gene.

Analysis of cdk complexes. Cell pellets were lysed as described for immuno-
precipitation and cleared of cell debris by sonication and centrifugation at
14,000 X g for 10 min followed by centrifugation at 50,000 rpm (Beckman
T100.2) for 30 min. Then 500 wl of the cleared lysate was injected onto a
Superdex 200 column, HR 10/30 (Pharmacia Biotech Inc.), preequilibrated with
column buffer (50 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM EDTA), and
0.5-ml fractions (0.35 ml/min) were collected by fast protein liquid chromatog-
raphy. Molecular weight markers (Sigma) were subjected to gel filtration sepa-
rately and monitored by SDS-PAGE. Fractions 1 to 50 were subjected to SDS-
PAGE and immunoprecipitation as described above. Recombinant p15 was
prepared as previously described (48) and mixed with the cleared lysates in
column buffer containing 400 mM phosphocreatine (pH 7.5), 2 mg of creatine
phosphokinase per ml, and 0.3 mM ATP.

Reporter assays. As a reporter, we used a luciferase gene under the control of
the proximal promoter region (—113 to +68) of the human p15™%**, construct
p15p113-Luc. This region was shown to respond to TGF-f in HaCaT cells (28).
TM1 cells were transiently transfected with p15p113-Luc by using DEAE-dex-
tran as previously described (4). Cells were split 24 h posttransfection into
medium with or without tetracycline, plus or minus TGF-B in 10% FBS. Lucif-
erase assays were carried out 24 h later by using the Promega luciferase assay
kit and a Berthold luminometer. HaCaT cells were transfected with Lipo-
fect AMINE (Gibco-BRL), as specified by the manufacturer, with the p15p113-
Luc reporter and in the presence or absence of the human c-myc expression
construct, pPCMV5-cMyc.

RESULTS

Normal c-Myc levels prevent TGF-B-induced G, arrest in
MvlLu cells. To investigate the role of c-Myc downregulation
in the antimitogenic response of MvlLu cells to TGF-B, we
generated Mv1Lu derivatives expressing a human c-myc cDNA
under negative control of the tetracycline trans activator (13).
Three independent cell lines (TM1, TM2, and TM3) that ex-
pressed exogenous c-Myc at different levels upon induction in
tetracycline-free medium were chosen for further characteriza-
tion (Fig. 1A). Of these cell lines, TM1 expressed the highest
level of human c-Myc, a level that was approximately 5- and
2.5-fold higher than those in TM2 and TM3 cells, respectively,
as determined by anti-human c-Myc Western immunoblotting
(Fig. 1C). The levels of human c-Myc expressed in TM2 and
TM3 cells were similar to the endogenous levels in two cell
lines derived from normal tissue: HPL1 human lung epithelial
cells (34) and HaCaT human keratinocytes (26). The level of
human c-Myc expressed in TM1 cells was similar to the en-
dogenous levels in human tumor-derived cell lines that are
known to overexpress c-Myc, including SW480 colon carci-
noma cells (8), K562 erythroleukemia cells (58), and the Bur-
kitt’s lymphoma cell lines CA46 and ST486 (21) (Fig. 1B and
C). Therefore, the TM cell lines allowed us to study the effects
of physiologically relevant levels of c-Myc on the TGF-3 re-
sponse.

Addition of TGF-B to parental Mv1Lu cells causes an arrest
of the cell cycle with extensive accumulation of cells in G, (Fig.
2A) (25). A similar effect was observed in the TM cell lines
when they were maintained in the presence of tetracycline
(TM2 data in Fig. 2A; TM1 and TM3 data not shown). When
cultured in tetracycline-free medium, however, the TM cell
lines were fully refractory to the antiproliferative action of
TGF-B, even for TM2 cells, which express the lowest level of
exogenous c-Myc (Fig. 2A and data not shown). These exper-
iments were conducted in the presence of serum-containing
medium to avoid the c-Myc-induced apoptosis that can occur
when c-Myc-overexpressing cells receive antiproliferative sig-
nals. No signs of apoptosis (e.g., accumulation of cells with a
sub-G; DNA content) were observed in the course of our
experiments.

c-Myc prevents inhibition of G, cdks by TGF-B. TGF-3-
induced G, arrest in epithelial cells is accompanied by a loss of
pRB phosphorylation (Fig. 2B) (25), which is a sign of failure
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FIG. 1. Generation of Mv1Lu cell lines with inducible c-Myc expression. (A)
Clonal tet-Myc cell lines (TM1 to TM3) were maintained in medium containing
1 pg of tetracycline per ml and then grown in the absence of tetracycline for 18 h
before being harvested and analyzed by anti-human c-Myc Western immuno-
blotting. Parental Mv1Lu cells were also analyzed in the presence and absence of
tetracycline with the anti-human c-Myc antibody. (B) Comparison of the levels of
induced human c-Myc expressed in tet-Myc clones with other human cell lines by
anti-human c-Myc Western immunoblotting. The same amount of cell lysate
protein was loaded in each lane. (C) The human c-Myc protein levels visualized
in panel B were quantitated by densitometry of the signal and plotted as relative
levels of c-Myc protein in arbitrary units.

to activate the G, cdks that normally phosphorylate pRB (51).
When TM cells were induced to express exogenous c-Myc,
TGEF-B failed to induce the characteristic accumulation of pRB
in the hypophosphorylated state (Fig. 2B; TM1 data not
shown). This result suggests that c-Myc protects cdks from
inhibition by TGF-B.

p27 in proliferating Mv1Lu cells is mostly bound to cyclin
D-cdk4 and cyclin D-cdk6 complexes (5, 47). p15 accumulating
in response to TGF-B binds to cdk4 and cdk6, excludes p27
from these complexes, and allows it to bind to and inhibit cdk2
(47, 48). Analysis of the association of p27 with cdk4 and cdk2
provided an initial indication of the ineffectiveness of the ac-
tion of TGF-B in TM cells (Fig. 2C). With exogenous c-Myc
turned off (i.e., in tetracycline-containing medium), TM2 cells
responded to TGF-B with the characteristic redistribution of
p27 from cdk4 to cdk2 and inhibition of cdk2-associated kinase
activity. However, TGF- failed to induce these events in TM2
cells when c-Myc expression was turned on (Fig. 2C).

c-Myc increases cyclin D levels and impairs p15™**" gene
induction by TGF-B. Diverse mechanisms could underlie these
effects of c-Myc. One possibility is that c-Myc increases the
abundance of cyclin D-cdk complexes well above the level that
could be inhibited by a finite amount of TGF-B-induced p15.
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When TM2 cells were placed in tetracycline-free medium, the
increase in the amount of exogenous c-Myc was accompanied
by a two- to threefold increase in the level of cyclin D1 and,
several hours later, by a similar increase in the level of cyclin
D2 (Fig. 3). No detectable D3 was present in Mv1Lu cells. No
changes were observed in the levels of p27, cdk2, cdk4, or cdk6.
Induction of c-Myc also correlated with a twofold increase in
the formation of cyclin D-cdk4 complexes, as determined by
anti-cdk4 Western immunoblotting of cyclin D1 immunopre-
cipitates (data not shown) or by chromatographic analysis of
cdk4 complexes (see Fig. 7). However, these increases were
relatively small compared to the extent of inhibition of the
TGF-B response. Furthermore, the increase in the levels of
cyclins D1 and D2 occurred late considering that the antipro-
liferative effect of TGF-B was suppressed even when TGF-3
was added simultaneously with the switch of TM2 cells to
tetracycline-free medium (data not shown).

Given these results, we investigated the alternative possibil-
ity that c-Myc impairs the induction of p15 by TGF-8, thus
preventing cdk inhibition. Indeed, c-Myc expression inhibited
p15"%** mRNA induction by TGF-g (Fig. 4A to C). Another
early-gene response to TGF-B, namely, induction of the plas-
minogen activator inhibitor 1 (PAI-1) gene, was also inhibited
in the presence of c-Myc but less so than the p15 response (Fig.
4C). Thus, c-Myc preferentially inhibits the pl5 response.
These responses are thought to be mediated by TGF-B recep-
tor-activated Smad2 and Smad3 (11, 19, 37, 53). The function
of Smads as transcription factors requires their accumulation
in the nucleus, and this process is inhibited by various pathways
that antagonize TGF-B signaling (23, 24, 39, 59). However,
Smad accumulation in the nucleus in response to TGF-8 was
not impaired by c-Myc, as determined by anti-Smad2/3 indirect
immunofluorescence of TM2 cells (data not shown). These
results suggest that c-Myc interferes with TGF-B induction of
pl5 at a level downstream of Smad nuclear accumulation.

Inhibition of the pl5 promoter by c-Myc. To examine
whether c-Myc inhibits the p15 promoter, we used a luciferase
reporter construct, p15p113-Luc, that is driven by the proximal
region of the human p15 promoter (Fig. 4D). This region of
the p15 promoter exhibits TGF-f responsiveness in HaCaT
cells (28). Additionally, the natural p15 transcriptional initiator
site present in this reporter, CCCACTCT, fits the Inr consen-
sus previously identified in genes that are transcriptionally
repressed by c-Myc and shown to impart this type of response
to c-Myc (14, 29, 42). The activity of the p15p113-Luc reporter
construct was repressed upon induction of c-Myc expression by
tetracycline removal in TM1 cells and by transfection of a
c-Myc expression vector in HaCaT cells (Fig. 4D), suggesting
that c-Myc affects p15 transcription directly.

Latent, active, and inactive cdk4 pools. To better assess how
c-Myc protects cdk4 from inhibition by TGF-B, we analyzed
cdk4 from MvlLu and derivative clones by size fractionation
chromatography on a Superdex 200 column. Using similar frac-
tionations in different cell types, others have shown that cdk4
and cdk6 are distributed among three major populations: a
high-molecular-weight pool associated with hsp90 and cdc37,
an active cyclin D-associated pool, and a pool of monomeric or
Ink4b-bound cdk (30, 36, 40, 56).

Figure 5 shows the existence of similar cdk4 pools in pro-
liferating Mv1lLu cells. An abundant high-molecular-mass
(>400-kDa) complex that coelutes with hsp90 includes as
much as half of the cdk4 in these cell extracts (Fig. SA, top).
We refer to this complex as latent cdk4 because it is a source
of cdk4 for cyclin D1 (see below). A second cdk4 population
elutes between the 200- and 66-kDa markers and contains all
the cyclin D-bound cdk4 and most of the p27-bound cdk4.
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FIG. 2. Analysis of cell cycle progression and G, regulators upon treatment of tet-Myc cells with TGF-B. (A) Parental MvlLu cells were maintained in growth
medium, and TM2 cells grown in the absence of tetracycline (Myc on) or in the presence of 1 pg of tetracycline per ml (Myc off) for 18 h before the addition of 200
pM TGF-B. Cells were harvested for flow-cytometric analysis of DNA content after 20 h in the presence or absence of TGF-f. The percentage of cells in the G, phase
at this time is indicated. (B) TM2 cells were harvested and analyzed by anti-pRB Western immunoblotting at the indicated times after TGF-f addition. (C) TM2 cells
were analyzed for the presence of p27-cdk complexes following 20 h of TGF-B treatment. Immunoprecipitations were performed on cell lysates with anti-p27, and
Western immunoblotting was used to determine total p27 or p27-associated cdk4 and cdk2 levels. cdk2 was also immunoprecipitated from these lysates, and the ability
of these complexes to phosphorylate histone H1 in vitro was determined by kinase assays.

Although this pool includes only approximately 10% of the
total cdk4 (Fig. 5A, top), its specific activity in in vitro pRB
kinase assays was approximately 10-fold higher than that of the
latent pool (Fig. 5B). Thus, the middle pool, which we refer to
as the active-cdk4 pool, contains active cyclin D-cdk4 com-
plexes. Most of the p27 from these cells coeluted with this
active pool (Fig. 5A), which is distinct from where excess p27
from overexpressing tet-p27 cells eluted (after the 66-kDa
marker [data not shown]). The association of p27 with the
active cdk4 pool is consistent with previous observations that in
proliferating cells, p27 is mostly bound to cyclin-cdk complexes
and p27-cyclin D-cdk4 complexes isolated from these cells are
catalytically active (5, 46, 47, 54). Finally, a low-molecular-
weight population, which we refer to as the inactive-cdk4 pool,
contains the remainder (20 to 30%) of the cdk4 in these cells
(Fig. 5A, top) and has no Rb kinase activity (data not shown).

We further characterized these cdk4 populations by using
tet-cyclin D1 cells, a Mv1Lu cell line expressing human cyclin
D1 under the negative control of tetracycline. Induction of
cyclin D1 in tet-cyclin D1 cells increased the proportion of
cdk4 in the active pool with a marked loss from the latent cdk4
pool (Fig. 6C, D1-on —TGFR panel). This effect was already
somewhat apparent in the presence of tetracycline (D1-off

—TGFB panel), most probably owing to the leaky expression of
exogenous cyclin D1 under these conditions (Fig. 6E). Thus,
the high-molecular-weight cdk4 pool appears to serve as the
main reservoir of cdk4 for cyclin D.

Latent and active cdk4 complexes as targets of TGF-3 and
p15. TGF-B addition to Mv1Lu cells had a major effect on the
distribution of cdk4 between these pools, causing an extensive
loss of latent and active cdk4 pools and a corresponding gain in
the inactive pool (Fig. 5, + TGFp panels). This effect was not
simply secondary to G, arrest, because a similar G, arrest by
contact inhibition (G, values in Fig. 5B) caused only a limited
loss in the latent cdk4 pool (Fig. 5A, contact arrested panel;
compare to top panel).

Because pl5 is a central mediator of cdk inhibition by
TGF-B in Mv1Lu cells, we compared these effects of TGF-$ on
cdk4 with those of p15 and, as a control, p27, by using Mv1Lu-
derived tet-p15 and tet-p27 cell lines that conditionally express
these cdk inhibitors (47, 48). Under basal conditions (in tetra-
cycline-containing medium) the tet-p15 and tet-p27 cells yield-
ed cdk4 profiles on Superdex similar to those of the parental
Mv1Lu cells (Fig. 6A and B, p15-off and p27-off panels). Upon
induction in tetracycline-free medium, both pl5 and p27
caused G, arrest (G, values in Fig. 6D) but with an important
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FIG. 3. Effect of exogenous c-Myc expression on G, cdk components. TM2
cells were induced to express exogenous Myc by the removal of tetracycline and
harvested at the indicated times. Immunoblots were probed for exogenous hu-
man c-Myc and endogenous mink cdk2, p27, cdk4, cdk6, cyclin D1, and cyclin D2
proteins.

difference: p15 caused a major shift in cdk4 distribution (Fig.
6A, pl5-on), a comparable shift to that caused by TGF-B
addition, whereas p27 caused only a limited loss of latent cdk4
(Fig. 6B, p27-on), comparable to that caused by contact inhi-
bition (Fig. 5A).

The above results collectively suggest that the latent cdk4
pool, along with the active pool, is a major target of dissocia-
tion by exogenous p15 in tet-p15 cells and endogenous p15 in
TGF-B-treated cells. In some experiments, the dissociation of
the active cdk4 complexes in response to TGF-B or pl5 was
less extensive than that of the latent cdk4 pool. Crystallo-
graphic studies on Ink4-bound cdk4 and cdk6 predict that Ink4
binding may diminish the affinity of these cdks for cyclin D (7,
50), which may lead to variability in the extent of dissociation
between experiments.

c-Myc prevents TGF-f inhibition of latent and active cdk4
complexes. Our analysis of the TM cell lines suggested two
potential mechanisms by which c-Myc might protect cdk4 from
inhibition by TGF-B. By increasing the levels of cyclin D,
c-Myc might generate a larger pool of cyclin D-cdk4 complexes
with increased capacity for binding p15 and p27. In addition, by
inhibiting p15 induction, c-Myc may remove a primary mech-
anism of cdk4 inhibition by TGF-B.

To determine the relative contribution of these two mecha-
nisms, we analyzed the effect of c-Myc expression on the cdk4
Superdex profile. TM2 cells placed in tetracycline-containing
medium (Myc-off conditions) yielded a cdk4 profile very sim-
ilar to that of parental Mv1Lu cells (Fig. 7A, top panel; com-
pare to Fig. 5 top panel; similar results not shown were ob-
tained with TM1 cells). Under these conditions, TM2 cells
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responded to TGF-@B with an extensive loss of latent and active
cdk4 complexes and a corresponding accumulation of inactive
cdk4 (Fig. 7A, Myc-off —TGFB panel). When placed in tetra-
cycline-free medium (Myc-on conditions), these cells showed a
small increase in the active cdk4 pool (Fig. 7A, Myc-on
—TGFB panel) that may reflect the increase in cyclin D levels
(Fig. 3). This increase was minimal compared to that observed
upon induction of cyclin D1 in tet-cyclin D1 cells (Fig. 6C).
However, c-Myc expression fully protected TM2 cells against
G, arrest by TGF-p whereas the high levels of cyclin D1 ex-
pressed in tet-cyclin D1 cells provided only a partial protection
(see the corresponding G, values in Fig. 6D and 7C and the
corresponding cyclin D levels in Fig. 6F). The small increase in
cyclin D induced by c-Myc in TM2 cells is therefore unlikely to
play a major role in Myc-induced TGF-B resistance.

However, c-Myc totally abolished the TGF-B-induced loss of
latent cdk4 and active cdk4 in these cells (Fig. 7A, Myc-on
+TGFB panels; similar results not shown were obtained with
TM1 cells). Incubation of cell extracts with recombinant p15
prior to Superdex chromatography showed that p15 can disso-
ciate the latent and active cdk4 complexes from Myc-express-
ing TM2 cells as effectively as it dissociates these complexes
from parental Mv1Lu cells (Fig. 7B). Mock incubation prior to
chromatography did not alter the cdk4 profiles, whereas addi-
tion of as little as 0.5 pg of p15 caused a shift to the inactive
pool (data not shown). These results suggest that c-Myc pre-
vents inhibition of cdk4 not by rendering cdk4 intrinsically
resistant to p15 but by its ability to prevent TGF-B induction of
pls.

DISCUSSION

cdk inhibitors are key mediators of antiproliferative re-
sponses to paracrine factors such as TGF-8, DNA damage
response factors such as p53, and pharmacologic inhibitors of
cell proliferation (52). By increasing the levels of cdk inhibi-
tors, these various signals can directly repress the activity of
cdks controlling G, progression. For TGF-f, its action on
human keratinocytes and mink lung epithelial cells involves a
rapid and sustained increase of p15 levels (48), and mimicking
this increase with exogenous p15 causes a full G, arrest (47).
However, TGF-B also causes a rapid downregulation of c-Myc
in these cells (20). Because c-Myc controls the expression of
genes involved in progression to S phase (3, 9), the decrease in
c-Myc levels and the increase in p15 levels could be viewed as
coincident but independent events that extinguish G, progres-
sion in response to TGF-p.

However, this simplified view is challenged by previous (2,
57) and present observations that the enforced expression of
c-Myc can prevent TGF-f induction of cell cycle arrest. Taking
these observations one step further, we found that enforced
expression of c-Myc prevents inhibition of G, cdks by TGF-f.
We reasoned that if the TGF-B-mediated increase in pl15 is
sufficient for G; cdk inhibition, c-Myc must prevent TGF-B
from acting through pl5. Here we present two lines of evi-
dence, one based on the pl15 response to TGF-B in c-Myc-
expressing cells and the other based on the state of cdk4
complexes in these cells, that support this hypothesis. Our
results suggest that TGF-B must downregulate c-Myc in order
to activate the p15 G, arrest pathway.

c-Myc prevents TGF-f inhibition of G, cdks. As an exper-
imental system for these studies, we generated various mink
lung epithelial cell lines that conditionally express human
c-Myc under tetracycline control. It should be noted that the
level of exogenous c-Myc in these cells is comparable to the
endogenous level in lung epithelial and skin keratinocyte cell
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FIG. 4. Induction of p15™4" in tet-Myc clones. (A and B) Three tet-Myc clones (TM1 to TM3) were induced to express c-Myc by the absence of tetracycline for
18 h and then treated with 200 pM TGF-B. At 6 h after TGF-B addition, the cells were harvested and their RNA was analyzed by Northern blotting for p15™k4®
expression. A representative blot with the TM1 cell lines is shown (A). The same blot was probed for GAPDH expression as a loading control. Quantitation of such
p15 blots for all three TM clones was carried out and is shown as the fold induction of this RNA by addition of TGF-, normalized to GAPDH values (B). (C) p15™k4P
induction in parental Mv1Lu cells and TM1 cells after 20 h without tetracycline followed by TGF-B addition for the indicated times. The same Northern blot was probed
for PAI-1 as another representative TGF-B-responsive gene and GAPDH as a loading control. (D) TM1 cells were transfected with the p15p113-Luc reporter.
Transfections were carried out without or with TGFp in the absence or presence of tetracycline for 24 h prior to analysis of luciferase activity. Results are means *
standard deviations of triplicate transfections. HaCaT cells were transfected with p15 p113-Luc reporter, without or with a human c-Myc expression vector, and analyzed

as described above.

lines derived from normal human tissues. Only one of the three
clones (TM1) used in this work expresses c-Myc levels that
approach the high levels characteristic of certain human tumor
cell lines. Thus, this experimental system allows us to investi-
gate the behavior of exponentially proliferating cells that are
forced to maintain a physiologically normal level of c-Myc
throughout the course of a TGF-B response.

When these cells are forced to express c-Myc, TGF-B no
longer inhibits cell cycle progression or Rb phosphorylation,
correlating with an absence of inhibitory effects of TGF-$ on
G, cdks. In proliferating lung epithelial cells, p27 is bound
predominantly to cyclin D-cdk4 and cyclin D-cdk6 complexes
that remain active in spite of carrying associated p27 (5, 54).
pl5 that accumulates in response to TGF- binds to cdk4 and
cdk6, displacing p27, which now binds to cdk2, inhibiting this
kinase (47). Enforced expression of c-Myc, we found, prevents
TGF-B from triggering this set of events.

The absence of a TGF-B-induced p27 redistribution in cells
expressing c-Myc provides one indication that activation of the
p15 pathway is impaired in these cells. Indeed, our results show
that the enforced expression of c-Myc inhibits the TGF-B-
induced increase in p15 mRNA levels. Another gene response
to TGF-B, PAI-1 induction, is only partially inhibited by c-Myc.
Thus, c-Myc preferentially inhibits the p15 response. Gene
responses to TGF-B are thought to be mediated by Smad
signaling (11, 17, 32). Various mechanisms are known that
inhibit Smad signaling, but most of these prevent Smad accu-
mulation in the nucleus (23, 24, 39, 59). Such mechanisms are
unlikely to mediate the effect of c-Myc, because Smad nuclear
accumulation in response to TGF-f is normal in these c-Myc-
expressing Mv1lLu cells. Rather, c-Myc may act by repressing
the p15 promoter. We show that c-Myc represses the activity of
the p15 promoter in reporter assays, with or without the pres-
ence of TGF-B. p15 contains the consensus Inr transcriptional
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FIG. 5. Analysis of cdk4 complexes by gel filtration. (A) Fractions from
Superdex 200 gel filtration of lysates from parental Mv1Lu cells were analyzed by
immunoblotting and immunoprecipitation for the composition of endogenous
cdk4 complexes. Fractions 20 to 36 are shown, with the positions of protein
molecular weight markers indicated at the top. Fractions were subjected directly
to anti-cdk4 immunoblotting in both proliferating cells (—TGF), cells treated
with 200 pM TGF-B for 20 h (+ TGFB), and cells allowed to grow to confluence
and maintained in this arrested state for three days in the presence of growth
media (contact arrested). Western immunoblotting analysis of p27 and hsp90 was
also carried out on fractions from proliferating MvlLu cells. Immunoprecipita-
tions of endogenous cyclin D1 and p27 from fractions were subjected to anti-
cdk4 Western immunoblotting to determine the levels of cyclin D1-bound cdk4
(D1-K4) and p27-bound cdk4 (p27-K4) respectively. (B) Fractions from Super-
dex 200 gel filtration of lysates from tet-K4 cells grown in the absence of tetra-
cycline were collected. Fractions 22 to 24 (lane 1), 27 to 29 (lane 2), and 32 to 33
(lane 3) were pooled and immunoprecipitated with anti-cdk4 antibodies, fol-
lowed by cdk4-associated Rb kinase assays (top) or subjected directly to anti-
cdk4 immunoblotting analysis (middle). The Rb kinase specific activity for each
pool was plotted as the value of Rb kinase activity over protein units (bottom).
Kinase activity and protein level are plotted as arbitrary units determined by
PhosphorImager quantitation and densitometry, respectively. (C) The level of
cdk4 in cells under each of the conditions in panel A was determined by Western
immunoblotting of the lysates loaded on the column. The percentage of cells in
G, phase under each of these conditions before lysis, as determined by flow
cytometry, is indicated.

24

initiator sequence previously identified in other genes that are
transcriptionally repressed by c-Myc (14, 29, 42). The mecha-
nism of p15 promoter inhibition by c-Myc is under investiga-
tion.

Latent and active cdk4 complexes as targets of TGF-3 and
p15. Analysis of the oligomeric state of cdk4 in these cells by
size exclusion chromatography provides novel insights into cdk4
regulation and lends further support to the hypothesis that
c-Myc specifically interferes with cdk4 inhibition by p15. cdk4
from exponentially growing mink lung epithelial cells is distrib-
uted among three populations: a high-molecular-mass (>400-
kDa) pool; an intermediate pool containing cyclin D-bound,
catalytically active cdk4; and an inactive pool of monomeric
cdk4. A similar distribution has been observed with cdk4 and
cdk6 in other cell types (30, 36, 40, 56). The active cdk4 pool
represents only a small fraction of the total cdk4 in the epi-
thelial cells studied here. This pool probably contains cyclin
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FIG. 6. Effect of overexpression of cell cycle regulators on cdk4 complexes in
MviLu cells. (A to C) Mv1Lu cells engineered to conditionally overexpress p15
(tet-p15) (A), p27 (tet-p27) (B), or cyclin D1 (tet-D1) (C) in the absence of
tetracycline were analyzed by gel filtration for cdk4 complexes. Cell lines were
either maintained in the presence of tetracycline (exogenous gene off) or re-
moved from tetracycline for 18 h (exogenous gene on) before being harvested for
analysis. Exogenous pl5 in tet-pl5 cells (p15 on) was visualized by Western
immunoblotting with an antibody specific to human p15 (A). (D and E) tet-D1
cells were removed from tetracycline for 18 h and treated with 200 pM TGF-B
(+TGF-B) for 20 h before being lysed. The proportion of cells in the G, phase
and the level of cdk4 under each of these conditions are shown. The expression
of the exogenous genes in tet-p15 and tet-p27 cells has been described previously
(47, 48). The expression of exogenous cyclin D1 in tet-D1 cells was analyzed by
Western immunoblotting with an antibody specific for human cyclin D1 and is
also shown in panel E. (F) Comparison of cyclin D1 (top) and cyclin D2 (bottom)
protein levels in tet-D1, TM2, and parental MvlLu cells in the absence and
presence of tetracycline.

D-cdk4 and p27-cyclin D-cdk4 complexes, since it contains
p27-bound cdk4. Our previous work has shown that in these
cells, p27 is mostly bound to cyclin D-cdk4 (5, 47), forming
p27-cyclin D-cdk4 complexes that remain active despite con-
taining this inhibitor (5).

The high-molecular-weight (latent) cdk4 pool, accounting
for approximately half of the cdk4 in proliferating cells, is
much more abundant than the active pool. A similar high-
molecular-weight pool in NIH 3T3 fibroblasts contains cdk4
bound to hsp90 and cdc37 (56). It has been proposed that
cdc37 targets hsp90 to cdk4, yielding a chaperone complex that
may be involved in cyclin D-cdk4 complex assembly in prolif-
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FIG. 7. c-Myc overexpression and cdk4 complexes in Mv1Lu cells. (A) TM2
cells grown in the presence of tetracycline (Myc off) or grown for 18 h in the
absence of tetracycline (Myc on) were harvested for gel filtration analysis either
directly (—TGF-B) or after incubation with TGF-f for 20 h (+ TGF-B). Follow-
ing gel filtration of these cell lysates, fractions were subjected to anti-cdk4
Western immunoblotting either directly (cdk4) or following anti-p27 immuno-
precipitation (p27-K4). (B) Lysates (3 mg of total protein) from proliferating
Mvl1Lu cells and TM2 cells induced to express c-Myc for 18 h in the absence of
tetracycline (tet-Myc on) were incubated with 80 g of recombinant human p15
(+rhp15) at 37°C for 30 min and then subjected to gel filtration and anti-cdk4
immunoblotting. (C) The proportion of cells in G; phase and the level of cdk4
under each of these conditions.

erating cells (56). Consistent with this hypothesis, we show that
expression of exogenous cyclin D1 in tet-D1 cells causes a
depletion of this complex and an increase in the cyclin D-
bound cdk4 pool. Thus, the latent cdk4 pool acts as a source of
cdk4 for cyclin D and/or a reservoir that collects excess cdk4
not bound to cyclin D.

As schematically shown in Fig. 8, our evidence suggests that
the latent cdk4 pool, along with the active cdk4 pool, is a major
target of pl5. Expression of exogenous pl5 in tet-plS cells
causes the loss of both pools and a concomitant increase in
inactive cdk4. A similar loss of these cdk4 populations has been
observed upon pl6 induction in U2-OS cells, suggesting that
this may be a general Ink4 effect (36). This effect, however, is
not observed when cell proliferation is arrested by other mech-
anisms, such as overexpression of p27 or contact inhibition.
Furthermore, cell treatment with TGF-B converts the latent
and active cdk4 pools into inactive cdk4, thus mimicking the
characteristic effect of p15. This observation is consistent with
the proposed role of p15 as a central mediator of the effects of
TGF-B on G, cdks (15, 44, 48).

Impairment of the pl5 pathway as a major anti-TGF-§
mechanism of c-Myc. On its own, enforced expression of c-Myc
has little effect on the levels and distribution of cdk4 complexes
in these epithelial cells. However, c-Myc blocks the effect of
TGEF-B on the latent and active cdk4 pools. The state of cdk4
in c-Myc-expressing cells treated with TGF-@ is almost identi-
cal to that in exponentially growing parental cells. c-Myc there-
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FIG. 8. Schematic representation of cdk4 complexes and their control by
TGF-B, p15, and c-Myc in Mv1Lu cells. In proliferating epithelial cells, endog-
enous cdk4 is distributed among three populations: an abundant high-molecular-
weight pool of latent cdk4, a low-abundance pool containing active cyclin D-cdk4
and p27-cyclin D-cdk4 complexes, and an inactive population of monomeric and
Ink4b-bound cdk4. The latent pool serves as a source of cdk4 for cyclin D,
yielding active cyclin D-cdk4 complexes. TGF- and p15 target both the latent
and active forms of cdk4, converting these to the inactive cdk4 population.
TGF-B causes rapid downregulation of c-myc and upregulation of p15. cdk4
targeting by TGF-B is prevented by the enforced expression of normal levels of
c-Myc, suggesting that c-Myc downregulation by TGF-B is required for activation
of the p15 G, arrest pathway.

fore prevents the dramatic changes in cdk4 complexes induced
by TGF-B, which are changes characteristic of p15 action.

c-Myc expression in these cells causes small increases in the
levels of cyclins D1 and D2 and cyclin D-bound cdk4. An
increase in the levels of cyclin D-cdk could provide in principle
a larger sink for a finite amount of p15 in TGF-B-treated cells.
However, several observations argue against a major role of
cyclin D in the TGF-B resistance imparted by c-Myc in these
cells. First, the increase in cyclin D-cdk4 levels induced by
c-Myc represents a minimal alteration in the size of the latent
and active cdk4 pools. Second, a much larger increase in cyclin
D-cdk4 levels caused by overexpression of cyclin D1 in tet-D1
cells confers only a partial resistance to TGF-$ whereas c-Myc
expression confers full resistance. Collectively, the evidence
suggests that inhibition of p15 induction is the major mecha-
nism by which c-Myc interferes with the TGF-f antimitogenic
response in lung epithelial cells.

Several mechanisms have been proposed to explain the abil-
ity of exogenous c-Myc to prevent cell cycle arrest in cells
overexpressing exogenous cdk inhibitors. In Ratl fibroblasts,
exogenous c-Myc can prevent a pl6-induced cell cycle arrest
without restoring Rb phosphorylation (1). It has been sug-
gested that c-Myc may induce the sequestration of p27, which
would increase the activity of cyclin E-cdk2, thus compensating
for the inhibitory effect of p16 on cyclin D-dependent kinases
(1, 41, 55, 60). However, c-Myc expression in the epithelial
cells studied here does not change the endogenous levels of
p27-bound cdk4 or p27-bound cdk2. c-Myc prevents the events
that would inhibit cdk4 in the course of a TGF-B response and
does so without altering the level or cdk association pattern of
p27. While the enforced expression of c-Myc in some cell types
may cause sequestration of endogenous p27 away from cdks,
our evidence does not support the idea that this mechanism is
operating in mink lung epithelial cells. Our results argue that
c-Myc antagonizes the normal antimitogenic effect of TGF-
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by preventing, not bypassing, p15 inhibition of cyclin D-depen-
dent kinases.

Rapid downregulation of c-myc is a common TGF-B re-
sponse in epithelial and endothelial cells. As summarized in
Fig. 8, the present evidence suggests that c-Myc downregula-
tion by TGF-B is required for activation of the p15 G, arrest
pathway. Although the increase in p15 mRNA levels as a result
of TGF-B is relatively rapid (half maximal in 2 h [15, 48]), the
fast kinetics of c-myc repression by TGF-B (43, 61), coupled
with the short half-life of the protein (9), can cause an exten-
sive decrease in c-Myc levels prior to p15 mRNA accumula-
tion. Downregulation of c-myc by TGF-B is generally accom-
panied by cdk-inhibitory gene responses that vary with the cell
type. Besides induction of pl15, these responses may include
induction of p21 (10, 31, 48) and repression of cdc254 (20).
c-Myc downregulation by TGF-B might also be a condition for
induction of these responses in other cell types. A better un-
derstanding of the mechanism of gene regulation by TGF-8 is
required to determine how c-Myc inhibits p15 induction and
possibly other antiproliferative gene responses to TGF-p.
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